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Colombia ranks second in the world by number of victims from landmines; and in Colombia, 
Antioquia is the most affected department. As most landmines in Antioquia do not have metallic 
parts, metal detectors became useless, however, in most of those mines, the explosive mixture 
includes ammonium nitrate, and thus a system able to detect this compound could help to locate 
the mines. On the other side, nuclear quadrupole resonance (NQR) is a spectroscopic technique 
that allows the detection of some compounds very specifically. Thus, this work had the purpose 
of developing a system for remote sensing of ammonium nitrate in landmines by NQR. To 
achieve this goal, a portable NQR device was constructed as well as a probe, capable of sending 
radiofrequency pulses at the resonance frequency of ammonium nitrate, and capable of picking 
up the NQR signal after excitation. The manufactured system was tested against some 
environmental factors, concluding that the most affecting ones are soil conductivity and 
landmine shape. After achieving a functional system, a classifier based on spectral descriptors 
was trained, using data acquired with and without ammonium nitrate. Experimental results 
showed that the proposed classifier (an ensemble of 20 decision trees) had better performance, 
in terms of the area under the receiver operating characteristic curve, than the classical solution 
on the literature (which relies only on signal intensity). A final test validated the performance of 
the system, which detected four of five buried targets in an area of 2 x 1,6 m, having 3 false 
alarms.  
 
Keywords: nuclear quadrupole resonance, NQR, land mine, landmine – detection, explosive – 
detection, demining technologies. 
  









Colombia es el segundo país con mayor número de víctimas por minas antipersona (MAP) en el 
mundo, siendo Antioquia es el departamento más afectado. La mayoría de las MAP en Antioquia 
contienen nitrato de amonio y la resonancia nuclear en cuadrupolo (NQR) es una técnica 
espectroscópica que permite detectar compuestos de forma muy específica. Así, este trabajo tiene 
el propósito desarrollar un sistema de NQR para la detección remota de nitrato de amonio en 
MAP. Para lograr este objetivo, se construyó un equipo portable de NQR, así como un inductor 
capaz de enviar pulsos a la frecuencia de resonancia del nitrato de amonio y de detectar la señal 
de NQR. El sistema construido fue probado en diferentes condiciones ambientales y se encontró 
que los factores que más lo afectan son la conductividad del suelo y la forma de la mina. Luego 
de lograr un sistema portable y funcional, se entrenó un clasificador basado en descriptores 
espectrales usando datos adquiridos con y sin nitrato de amonio. A partir de resultados 
experimentales se encontró que el clasificador entrenado (un ensamble de 20 árboles de decisión) 
tiene mejor desempeño, en términos del área bajo la curva de característica operativa del receptor, 
en comparación con la solución extendida en la literatura (que se basa únicamente en la 
intensidad de la señal). Una última prueba validó el desempeño del sistema, que fue capaz de 
detectar 5 muestras de nitrato de amonio ocultas en un área de 2 x 1,6 m, con 3 falsas alarmas. 
 
Palabras clave: resonancia nuclear en cuadrupolo, NQR, minas antipersona, MAP, desminado,  
detección de minas, detección de explosivos. 
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List of symbols and abbreviations 
Symbols with Latin words 
Symbol Definition SI units Reference 
𝑵 
𝟏𝟒   Isotope of Nitrogen -- -- 
𝒃  Gradiometer baseline (distance between the 
two halves of a gradiometer coil) 
m Figure 3-19 
𝑩  Magnetic flux density T Figure 3-10 
𝑪  Capacitance F -- 
𝑪𝒑  Parallel capacitance of NQR probe F Figure 2-5 
𝑪𝒔  Series capacitance of NQR probe F Figure 2-5 
𝑪𝒔𝟐  Series capacitance 2 of NQR probe F Figure 2-5 
𝑪𝟏 − 𝑪𝟏𝟏  Spectral descriptors (proposed features)  Section 6.1 
𝒆  Unit of electrostatic charge C 4,355 ×  10−19 
𝒆𝑸  Electric quadrupole moment C∙m2  Equation (1-1) 
𝑬𝒙  Energy level J Figure 1-2 
𝑬𝒚  Energy level J Figure 1-2 
𝑬𝒛  Energy level J Figure 1-2 
𝒉  Planck constant 𝑚2𝑘𝑔/𝑠  6,626 × 10−34  
𝑯𝟎  Null hypothesis -- -- 
𝑯𝟏  Alterntive hypothesis -- -- 
𝑰  Quantum number of nuclear spin -- [1] 
𝒊  electric current A Figure 3-7 
𝒋  Imaginary unit  -- √−1  
𝑳  inductance H -- 
𝒎  number of sample pairs from “mine” and 
“other” group  
-- Equation (6-8) 
𝑴  mutual inductance between the sample and the 
pick-up coil 
H Equation (3-8) 
𝑵  Number of repetitions of FID sequence or 
number of pulses in a multi-pulse sequence 
-- Equations (1-6), 
(1-7) 
𝑷  Minimum significance level to reject the null 
hypothesis 
-- Chapter 7 
𝒒  𝑧 −component of the electric field gradient V/m2 𝜕2𝑉
𝜕𝑧2
  
𝑸  Quadrupole moment m2 Equation (1-1) 
𝑸-factor quality factor of a resonant probe  Equations (3-4), 
(3-5) 
𝑺𝑬𝑾  standard error of the Wilcoxon statistics  Equation (6-5) 
𝑻𝟏  longitudinal relaxation time s Section 1.2 
𝑻𝟐  transverse relaxation time s Section 1.2 
𝑻𝟐
∗   effective transverse relaxation time s Figure 1-4 
𝑻𝟐𝒆  Effective time for SLSE sequence s Fig 1-8 
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𝑼  threshold of the classifier value -- -- 
𝑾  Wilcoxon statistics  -- Equation (6-4) 
𝒙  output of a classifier  -- Section 6.3.2 
𝒀  Youden index -- Section 6.6 
𝒛  statistics with approximately normal 
distribution under the null hypothesis 
-- Chapter 6 
𝒛𝒏  Dimension on the direction of the nuclear spin  Equation (1-1) 
 
Symbols with Greek words 
Symbol Definition SI units Reference 
α level of significance of a confidence interval 
or of a hypothesis test 
-- [2] 
𝜷  power of a hypothesis test -- [2] 
𝜸  the gyromagnetic ratio of the nucleus of 𝑁 
14  𝑟𝑎𝑑/(𝑠𝑇)  1,932 × 107  
𝝈  Pulse width s Figure 1-6 
𝚫𝝂  half peak width  Hz Figure 1-5 
𝜼  asymmetry parameter of the electric field 
gradient 
 Equation (1-3) 
𝜽  angle of nuclear rotation rad Equation (1-5) 
𝝁𝟎  magnetic permeability of free space  H/m 4𝜋 × 10
−7  
𝝂+  transition frequencies in NQR Hz Equation (1-4) 
𝝂−  transition frequencies in NQR Hz Equation (1-4) 
𝝂𝟎  transition frequencies in NQR Hz Equation (1-4) 
𝝆𝒏  nuclear charge density C/m
3 [1] 
𝟐𝝉  time between pulses in a multi-pulse 
sequence 
s Figure 1-8 
𝝌  magnetic susceptibility -- Equation (5-1) 




𝝋  Phase of pulses in SSFP sequence 
𝝋𝟏  Phase of first RF pulse in a SLSE sequence 




ADC Analog to digital conversion 
A/D Analog/Digital 
AN Ammonium nitrate (𝑁𝐻4𝑁𝑂3) 
ANFO Ammonium nitrate and fuel oil 
AP Antipersonnel mine 
𝐀𝐔𝐂  Area under ROC curve 
DC Direct current 
DNT Dinitrotoluene (C7H6N2O4) 
FAR False alarm rate 
FARC (Spanish) Fuerzas armadas revolucionarias de Colombia 
FID Free induction decay 
FPGA Field programmable gate array 
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GPIO General purpose input/output 
GPR Ground penetrating radar 
LDA Linear discriminant analysis 
MOSFET Metal-oxide-semiconductor field-effect transistor 
NCO Numerical control oscillator 
NN Nearest neighbor 
NQR Nuclear quadrupole resonance 
PCA Principal component analysis 
PD Probability of detection 
PETN Pentaerythritol tetra nitrate (𝐶5𝐻8𝑁4𝑂12) 
PVC Polyvinyl chloride ((𝐶2𝐻3𝐶𝑙)𝑛) 
PWM Pulse-width modulation 
RDX Research department explosive (C3H6N6O6) 
RF Radio frequency 
RFI Radio frequency interference 
ROC receiver operating characteristic 
SDRAM Synchronous dynamic random-access memory 
SE Spin echo 
SLSE Spin-locked spin echo 
SNR Signal to noise ratio 
SSFP Steady-state free precession 
SVM support vector machine 
TIA trans impedance amplifier 
TNT 2,4,6-Trinitrotoluene C6H2(NO2)3CH3 













Antipersonnel landmines are weapons, usually buried, that explode when stepped on and are 
designed to kill or injure people, leaving long-term physical and psychological effects [3]. 
Colombia ranks second in victims from landmines [4], mainly because landmines are currently 
used by groups outside the law to protect coca plantations and to counter the army [5]. A crucial 
step to prevent further victims from these weapons, is to detect them and destroy them, but 
detecting landmines in Colombia is still a difficult task due to the characteristics of those devices 
and of the land where they are buried. Colombian mines are enclosed in casings of various shapes, 
materials and sizes (e.g. wooden boxes, PVC pipes, glass and plastic bottles), many of which 
have no metallic parts, and because of that, they cannot be found by a metal detector; they are 
very varied and difficult to characterize, and, due to government controls, they rarely contain 
common military explosives. The army of Colombia states that the explosive mixture used by 
terrorists is highly related to each region of the country. In Antioquia, the most affected 
department of Colombia [6], ammonium nitrate is the main rough material, which is mixed with 
different fuels to create varied explosives [7]. Also, mined regions in Antioquia usually have 
high vegetation, high mountains and are difficult to access; and all those factors hinder the 
landmine detection task.  
The most established technology for detecting nonmetallic landmines is Ground Penetrating 
Radar (GPR). It senses the reflection of an electromagnetic wave at the interface between the 
soil and the mine, produced by a difference in the dielectric constant. However, GPR lacks 
specificity, being highly affected by false alarms due to reflections produced at interfaces on 
natural objects (like rocks or water) on the soil. Thus, although GPR is a mature technology, a 
more-specific technique is needed to deal with false alarms. As the most unique feature of any 
landmine is probably its explosive fill, a system capable of detecting this explosive would not 
get easily confused by other objects. 
Systems for detecting explosives in landmines could be divided in two groups: those that detect 
the explosive vapors that scape from the mine, and those that detect the bulk explosive inside the 
mine. Systems from the first group usually suffer from a lack of sensibility because vapor 
pressure and concentration of explosives on the air and over the soil around the landmine are too 
low. Also, the explosive trace could move within 10 meters from the mine place, and the current 
knowledge on vapor transportation from mines is insufficient for a reliable location [8]. Systems 
from the second group include neutron analysis and nuclear quadrupole resonance. The second 
one has the advantage of lower cost, portability and safety. 
Nuclear quadrupole resonance (NQR) is a spectroscopic technique that works by sending radio 
frequency pulses to excite quadrupolar nuclei (nuclei having spin number greater than ½) in the 
target substance; and after excited, the nuclei emit a signal which could be detected. The 
excitation frequency and the spectrum recorded from each substance is unique, and thus the 
detection is highly specific and less susceptible to false alarms [9], being ideal for the landmine 
detection problem. However, the research work on landmine detection by NQR has focused on 
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detecting military explosives such as TNT, RDX, and PETN. Colombia, and mostly Antioquia, 
requires the development of a NQR system capable of detecting Ammonium Nitrate (NH4NO3) 
inside landmines. 
In the literature, few works are found about Ammonium Nitrate (AN) detection by NQR [8–11], 
and none of them is related to landmine detection; probably because AN is not found on 
conventional mines. In all those works, the sample was placed within (or passed through) a 
solenoid coil, which is a form of detection called close detection. Also, almost all (except for 
[13]) where conducted in a shielded environment, in a laboratory. However, landmine detection 
cannot be performed in the same way, it has to be done remotely (the landmine cannot be 
introduced or passed through a coil), and thus, it poses some challenges: the strength of the NQR 
signal highly decreases with sample separation from the coil, environmental noise could 
seriously affect the signal-to-noise ratio, soil proximity to the coil can harm system sensitivity 
and the detection system should be compact enough to be used on the field. 
Besides of the challenges imposed by the characteristics of the landmine detection task in the 
design of a NQR system, it is also noticed form the literature of landmine detection by NQR [12–
16] that in all of those works the landmine is detected by comparing the intensity of the signal 
spectrum with a threshold. This doctoral work has the hypothesis that, in analogy to other 
landmine detection technologies, like GPR, the detection task could be thought as a binary 
classification task, training a classifier with data from the two classes. By stating the problem 
this way, more than one distinctive feature can be incorporated in the decision, and hopefully, 
better results can be achieved in terms of probability of detection and false alarm rate. The added 
features can also add value to a fusion of NQR with another technology, e.g. GPR, at the feature 
level. This is important, since from the landmine detection literature, a general conclusion is that 
a sensor fusion is needed to overcome the drawbacks of individual technologies [7,58-59]. 
This doctoral work has the main objective of designing an NQR system based on pattern 
recognition for landmine detection. The specific objectives to achieve this goal are: 
 To design and construct a flat coil for sending radiofrequency pulses towards the ground and 
to receive the remote signal from ammonium nitrate, having into account the quality factor 
of the coil, the irradiated magnetic flux density and its capability to reject noise. 
 To construct an NQR equipment capable of generating radiofrequency pulses at the 
resonance frequency of ammonium nitrate, and of acquiring and processing the response 
signal. 
 To optimize a pulse sequence for remote detection of ammonium nitrate. 
 To define the more distinctive characteristics that allow to classify the data acquired with the 
NQR system for landmine detection. 
 To design a system based on pattern recognition, to decide about the presence of a landmine 
from the selected characteristics. 
 Evaluate the performance of the system in terms of probability of detection and false alarm 
rate. 
To achieve the goal of this work, the first task was detecting AN by NQR. This was made during 
an internship at the laboratory of Professor Hideo Itozaki in Osaka University (Japan). In the 
laboratory, there was a (bulky) NQR console (Tecmag Apollo) capable of sending pulses at 
frequencies from 2 kHz to 125 MHz, and of recording NQR signals on the same range of 
frequencies. Initially, a solenoid coil was manufactured by hand for close detection of AN 
(placing the sample inside the coil).  
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The second step was to construct a portable NQR system. This was made under the direction of 
Professor Hideo Akaba, at the laboratory of Professor Itozaki. Professor Akaba had already 
designed a low-cost transceiver circuit and tested it in a homemade portable NQR equipment for 
detecting imidazole at 1,368 MHz. The circuit design was adapted to the frequency of AN (423,5 
KHz), and tested with the already designed coil for AN detection. With a portable system already 
constructed, it was possible to make experiments outside the lab, and to test some other coils 
designed for noise filtering.  
After the internship, and thanks to Professors Akaba and Itozaki, who allowed me to bring the 
constructed portable NQR equipment to Colombia, further experiments were performed to 
improve the NQR coil design, to find the best pulsing parameters for remote detection of AN 
and to test the system performance under different conditions of explosive mixture, landmine 
enclosure and soil properties. The results showed that the system has a limit of 3 cm distance for 
detecting 200 g of AN, and that soil conductivity and landmine shape are the most affecting 
factors on system sensitivity.  
Finally, some distinctive features based on spectral descriptors were propose for discriminating 
NQR signals from AN. Many data were collected using the designed system with and without 
AN sample under the coil. Most of the data were collected at Girardota (in the countryside of 
Antioquia); part of it was used to train and test a group of classifiers, and the rest, to test and 
compare the selected classifier (assembly of 20 decision trees trained by bagging) with the 
traditional strategy (based only on spectrum intensity). A statistical test, comparing the area 
under the ROC curves of each solution, allowed to conclude that there was significate evidence 
that the proposed classifier outperforms the traditional one. 
A final blind experiment was conducted where five landmines of different size were buried in an 
area of 2 × 1,6 m. Data was collected without knowing the location of the targets and it was 
possible to detect four of them with three false alarms. 
The constructed NQR system, although being portable, was not made autonomous in the sense 
that the detection algorithms were not programmed into the processor of the system, but on a 
computer. The collected data was stored on a flash memory of the NQR equipment, and only one 
data set was stored at time, so each time a measurement was made, a computer was required to 
extract and analyze the data. However, this limitation is not intrinsic and can be overcome.  
The contribution of this doctoral work is a portable equipment capable of detecting ammonium 
nitrate inside buried landmines, and a pattern recognition algorithm capable of deciding about 
the presence of ammonium nitrate with approximately a 98% probability of detection and a 3,3 % 
false alarm rate. Also, the results of this work show the potential of the developed NQR system 
for landmine detection in Colombia although more improvements are needed in terms of 
sensitivity.  
Colombia is undergoing a peace agreement with one of the armed groups responsible of placing 
landmines: the self-named “revolutionary armed forces of Colombia” (FARC –fuerzas armadas 
revolucionarias de Colombia). It is hoped that this work is a first step towards a reliable NQR 
detection technology, and hopefully, that can be combined with other technologies that are 
already being developed on partner universities. Landmines are difficult enemies, but unity gives 
strength.  
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1. Nuclear quadrupole resonance 
Nuclear quadrupole resonance (NQR) is a spectroscopic technique like nuclear magnetic 
resonance, which exploits the fact that some nuclei possess electric quadrupole moment. This 
moment is a measure of how the nuclear charge distribution deviates away from spherical 
symmetry and it happens in nuclei with spin quantum number 𝐼 greater or equal to 1 [22]. The 
scalar quadrupole moment is defined by Equation (1-1). 
𝑒𝑄 = ∫ 𝜌𝑛(3𝑧𝑛
2 − 𝑟𝑛
2)𝑑𝜏𝑛 (1-1) 
Where 𝑒  is the unit of electrostatic charge, 𝜌𝑛  is the nuclear charge density in a volume 
element 𝑑𝜏𝑛, 𝑧𝑛 is the dimension on the direction of the nuclear spin, and, as this is an axis of 
symmetry of the nucleus, 𝑟𝑛 is the radial dimension perpendicular to 𝑧𝑛 (see Figure 1-1). The 
units of 𝑒𝑄 are charge times distance squared, but it is common to express the moment simply 
as 𝑄 in units of cm2. For a given isotope, 𝑄 is a constant, and values for many isotopes can be 
obtained from several sources [1]. Charge distribution in the nucleus can be either elongated or 
contracted in the direction of the nuclear spin, depending of the sign of the quadrupole moment 
(see Figure 1-1).  
 
Figure 1-1: Relationship between charge distribution in the nucleus and the sign of 𝑸. The arrow 
represents the nuclear spin. 










The interaction of the electric quadrupole moment of a nucleus with the electric field gradient of 
its surroundings causes some orientation of the elliptical quadrupolar nucleus to be more 
energetic than the others. The allowed orientations are quantized. The nucleus has 2𝐼 + 1 
orientations, which are described by the nuclear magnetic quantum number 𝑚, where 𝑚 has 
values  𝐼, 𝐼 − 1, … , 0, … , −𝐼 + 1, −𝐼 . The quadrupole energy level that is lowest in energy 
corresponds to the orientation in which the greatest amount of positive nuclear charge is closest 
to the greatest density of negative charge in the electron environment. Transitions among the 
various orientations of a quadrupolar nucleus in an asymmetric field can be excited by radio 
frequency (RF) pulses whose frequency matches the energy difference between two different 
states. The energy difference between various energy levels and, hence, the frequency of a 
transition, will depend upon both the field gradient 𝑞, produced by the electron distribution in 
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the molecule and the quadrupole moment of the nucleus. For a nucleus with spin number 𝐼 = 1, 




  ,   𝐸𝑥 =
𝑒𝑄𝑞(1 − 𝜂)
4𝐼(2𝐼 − 1)




Where 𝜂 is the asymmetry parameter of the electric field gradient which is defined by Equation 
(1-3) and 𝑞 =
𝜕2𝑉
𝜕𝑧2
 is the 𝑧 component of the electric field gradient. By convention, 𝑧 axis is 










In Equation (1-3), V is the time averaged electric potential at the nuclei and 𝑥, 𝑦, 𝑧 are the 
Cartesian coordinates. The transition frequencies are calculated as the difference between energy 
levels divided by  ℎ , where ℎ  is the Planck constant,  𝜈+ = (𝐸𝑦 − 𝐸𝑧) ℎ⁄ , 𝜈− = (𝐸𝑥 − 𝐸𝑧) ℎ⁄  
and 𝜈0 = (𝐸𝑦 − 𝐸𝑥) ℎ⁄ . These frequencies are given by Equation (1-4), where the spin quantum 




    ,     𝜈− =
𝑒𝑄𝑞(3 − 𝜂)
4ℎ
     ,    𝜈0 =
𝑒𝑄𝑞𝜂
2ℎ
  (1-4) 
Figure 1-2: NQR transition frequencies (𝜈0, 𝜈−, 𝜈+) between energy levels (Ex𝐸𝑧, 𝐸𝑦, 𝐸𝑥) for 
spin 1 nuclei. In a) 𝜂 ≠ 0 and all frequencies are different; in b) 𝜂 = 0 and there is only one 
frequency, as  𝜈− = 𝜈+  and  𝜈0 = 0ν- = , in c)η = 1  and there are two different frequencies 

















When NQR is used to detect explosives, attention is concentrated in 14N nuclei since this element 
is present in most explosives, has a natural abundance of 99.63%, and its spin quantum number 
is equal to 1. Because energy difference between 14N nuclei states depends on the electric field 
gradient generated by the distribution of the electrical charge in its vicinity, which in turn 
depends on the atomic bonds and molecule structure, the frequencies required for 14N nuclei 
excitation vary with the compound. That is why NQR has high chemical specificity. That also 
means that one can distinguish dangerous explosive compounds from innocuous materials that 
also happen to contain nitrogen. 
Explosive detection by NQR consists of applying a series of RF pulses at the resonant frequency 
of the explosive (one of the possible frequencies of excitation). The energy that is applied causes 
a change in the alignment of the quadrupolar nuclei. This is equivalent to an increase in energy 
from the lower to a higher energy level state. When the external oscillating electromagnetic field 
is removed, the nuclei return to their original states, releasing very low levels of RF energy in a 
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form characteristic and unique to the material. Hence the natural decay of the originally raised 
energy state back to the rest state generates a detectable RF magnetic field, inducing a voltage in 
a detection coil [23] (see Figure 1-3). Frequently, the same coil is used for excitation and 
detection, where the coil operates almost entirely as a magnetometer due to the rapid attenuation 
of the signal with distance.  
Figure 1-3: Illustration of the process of explosive detection by NQR. 
Ground state
1. A RF pulse is irradiated
Energy
levels
3. Nitrogen nuclei turn back
to the ground state,
radiating electromagnetic
energy.
2. Some nitrogen nuclei
absorb the energy,  turning to
a higher energy orientation
 
Often, the obtained signal is analyzed in the frequency domain rather than in the time domain. 
The spectrum of the acquired signal should show a peak at the frequency of the compound. 
1.1 Factors affecting signal detection 
In this section, some important aspects that affect the signal to noise ratio (SNR) in NQR 
detection of explosives are considered. 
 Remote detection. In explosive detection, there are two possible configurations for an NQR 
system, one in which the sample is located within an excitation coil and another (remote 
detection), in which the sample is separated from the coil. The first has application in the 
detection of explosives in objects that can be placed inside a coil, such as luggage. By 
contrast, mine detection can only be made remotely. Remote detection affects the SNR 
because the signal strength decreases with increasing distance between the coil and the 
sample. 
 Signal strength and noise. NQR signal strength is proportional to frequency, and as many 
explosives have excitation frequencies below 1 MHz, the signal is very weak. Thermal 
random noise of the receiver coil and in a lesser extent, of the preamplifier, limit the SNR 
[15]. SNR is also affected by near electromagnetic noise sources [24], and as mentioned 
above, by separation between the sensor and the substance. 
 Temperature uncertainties. Temperature has an effect on molecular kinematic, affecting 
the electric field gradient at the nuclei, and therefore, the excitation frequencies [25]. For mine 
detection, estimating explosive temperature is difficult, and therefore excitation frequency 
will not be exactly at resonance and the signal strength will be lesser [26]. To achieve an 
acceptable result, the temperature of the explosive must be estimated within ±5 °C precision. 
 Powdered samples. Usually, in landmines the explosive is powdered. In powder crystals, 
orientation of RF field varies from one micro-crystal to another, generating excitation 
differences between crystals. This equates to reducing signal intensity by 57% in comparison 
to a single crystal [15]. 
 Radiofrequency interference (RFI). Typical sources of RFI are AM radio transmitters and 
nearby power sources [27]. Since NQR frequencies of some explosives are within the AM 
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radio band, RFI can completely hide NQR signal. Cancellation of RFI either by means of 
antenna design or subtraction algorithms are necessary to have a detectable signal  [28].  
1.2 Relaxation Parameters 
The term "relaxation" is widely used in the physical sciences to indicate the re-establishment of 
thermal equilibrium after some perturbation is applied. In nuclear quadrupole resonance, there 
are two important relaxation parameters called transverse relaxation time (𝑇2) and longitudinal 
relaxation time (𝑇1), although the first one is not exactly related to a relaxation process. 
1.2.1 Transverse relaxation time 
When an RF pulse is sent to excite the quadrupolar nuclei, the response is a signal at the same 
frequency but with exponential decay, called FID (Free Induction Decay), as seen in Figure 1-4.  









The rate at which the signal falls is determined by a factor known as transverse relaxation time 
(𝑇2), although in powder samples, the effective parameter is called 𝑇2
∗. To understand this decay 
process, it should be considered that the observed signal is a contribution of all the excited nuclei 
in the sample. Each nucleus produces a signal that is too small to be detected, but the sum of the 
signals of the excited nuclei, generates a bigger detectable signal. However, there are small 
variations in the electric field gradients within the sample. The common causes for the 
inhomogeneity include impurities, crystal lattice defects, and even small thermal gradients within 
the sample. Because of that, different nucleus experience slightly different electric fields, so that 
they emit signals at slightly different frequencies. The frequency variations cause a loose of 
synchrony between the signals emitted by the quadrupolar nuclei and they gradually get out of 
phase with each other. The macroscopic effect is a decay of the acquired signal driven by 𝑇2. In 
powder samples, another factor accounting for signal decay and is the existence of multiple 
crystals with varying orientation. Thus, the loose of synchrony is higher in powders and the decay 
of the acquired signal is faster, driven by an equivalent time parameter T2
∗. 
T2
∗ is often referred to as the inverse line-width parameter, since there exists an inverse 
relationship between the line width Δ𝜈 in the signal spectrum and T2
∗ (see Figure 1-5). Δ𝜈 is 
defined as the width of the spectral line of the signal at half of its height. 
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Figure 1-5: Relationship between line width of NQR signal spectrum Δ𝜈 and T2
*T2
∗. Units of Δ𝜈 
are Hz and units of T2




1.2.2 Longitudinal relaxation time  
When a RF pulse is sent to excite 14N nucleus, it absorbs the energy and goes to a new state, 
changing its orientation. When the RF pulse ends, the nuclear orientation relaxes back with a 
time constant 𝑇1 that is characteristic of the nucleus and the sample. 
The longitudinal relaxation time 𝑇1 can be viewed as a parameter describing the re-establishment 
of thermal equilibrium of the excited nuclei. Absorbed energy must leave the nuclei for 
relaxation to occur. This energy must be transferred somewhere, and that "somewhere" is into 
nearby nuclei, atoms, and molecules through collisions, rotations, or electromagnetic 
interactions. At the most basic level, therefore, longitudinal relaxation is simply an energy flow 
between nuclei and their external environment. The amount of energy transferred from the nuclei 
is very small compared to normal molecular kinetic energies, so it is quickly dispersed and goes 
largely unnoticed at body temperatures. 
𝑇1 is of fundamental importance in all nuclear quadrupole resonance experiments since it governs 
the rate at which the energy acquired by the spin system from the radio-frequency field can be 
dissipated into thermal energy. In other words, it dictates the rate at which the NQR experiment 
can be repeated. This is so important because in NQR, to increase signal to noise ratio (SNR), 
the excitation process may be repeated 𝑁 times, and the obtained signals can be averaged. This 
way, SNR increases in proportion to  √𝑁 . However, to perform a second excitation of the 
quadrupolar nuclei, it is required to wait a time around 5𝑇1  to allow fully relaxation of the 
system. This time could be very high for some compounds.   
All NQR frequencies and their associated relaxation times 𝑇1  and T2
∗ are characteristic of each 
compound and are temperature dependent.  
1.3 Pulse sequences 
To obtain greater signal-to-noise ratio, excitation sequences are used that are in general tailored 
to the specific material under research and look for increasing the SNR by averaging multiple 
acquisitions. The most basic pulse sequence is termed free induction decay (FID). Other pulse 
sequences that are commonly used are spin-locked spin echo (SLSE) and steady-state free 
precession (SSFP). 
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1.3.1 Free induction decay 
The most basic pulse sequence is a single pulse followed by detection of the signal. This is 
illustrated in Figure 1-6. As shown in the figure, the process of pulsing and data acquisition can 
be repeated many times, waiting around 5𝑇1 to allow for fully relaxation of the system. This 
way, signals acquired after each pulse can be added, increasing the SNR (the SNR increases in 
proportion to √𝑁, where 𝑁 is the number of repetitions). In FID sequences, 𝑇1 limits the rate of 
pulse repetition because the nuclei must recover to its initial state before sending a second pulse.  





acquisition time recovery time
repetition time  5T1
B
 
The pulse duration 𝜎 (also known as pulse width) should be carefully selected as it dictates the 
amplitude of the NQR signal. The RF pulse causes angular rotation of the nuclei, and the angle 
of rotation (𝜃) is proportional to the RF pulse width, and the maximum signal is obtained when 
𝜃 = 90°. The last is only true if there is a single crystal in the sample, and if the magnetic field 
of the RF pulse is aligned with the nuclear spin. However, in powder samples, where there are 
many crystals with different orientations, the maximum signal is produced when 𝜃 = 119° 
(known as “equivalent 90° pulse” [29]). 
The angle of rotation of the nuclei depends also on the magnetic flux density of the excitation 
pulse at the nucleus location, as defined by Equation (1-5). Although the pulse width 𝜎 could be 
computed from Equation (1-5) (by making 𝜃 = 119°), it is a usual practice to find the optimal 
pulse width experimentally. 




In Equation (1-5) 𝜎 is the pulse width in seconds; 𝐵 is the magnetic flux density of the excitation 
pulse at the nucleus, in Tesla (𝑇), and 𝛾 is the gyromagnetic ratio of the nucleus. For 𝑁 
14 , it is 
1,932 × 107 𝑟𝑎𝑑/(𝑠𝑇).  
An important consequence of Equation (1-5) is that, in remote detection by NQR, the pulse width 
should be adjusted when the distance between the sample and the coil (used to send the RF pulse) 
changes, because the magnetic flux density decreases when the distance from the source 
increases. More separation distance implies the need for longer RF pulses.  
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1.3.2 Spin lock – spin echo (SLSE) 
A single RF pulse generates a free induction decay (FID), but when a second RF pulse is sent 
before waiting for the complete relaxation of the system (and the second RF pulse has two times 
the duration of the first one), it produces an echo signal called spin echo (SE) (see Figure 1-7).  








The SE represents regeneration of spin phase information apparently lost during the decay of the 
FID. The "rebirth" of the FID as a SE is possible because many of the transverse relaxation 
processes which originally produced the decay of the FID are symmetrically reversible.  In fact, 
most of the FID signal has not been destroyed; it has merely become "disorganized" because the 
individual nuclei comprising it have lost their synchrony. The system is said to possess a "hidden 
order" or "atomic memory".  By applying a second RF pulse, certain out-of-phase components 
of the original FID can be refocused into a SE. 
If the longitudinal relaxation process has not destroyed the signal, it is possible to stimulate the 
system with additional pulses and generate additional echoes. The amplitude of each echo is 
progressively smaller, decaying with a constant rate called 𝑇2 −effective (or 𝑇2𝑒) that is longer 
than 𝑇2
∗ (see Figure 1-8). The parameter 𝑇2𝑒 restricts the maximum length of the ‘‘spin-echo’’ 
sequence used. It depends both on the substance and on the repetition time of consecutive RF 
pulses. The SLSE sequence is usually expressed in the form: 
𝜃𝜑1 − (𝜏 − 𝜃𝜑2 − 𝜏)𝑁
 (1-6) 
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Where 𝑁 is the number of pulses in the sequence, 2𝜏 is the repetition time or the time between 
pulses in the sequence, 𝜑1 is the phase of the first pulse (also known as preparatory pulse) and 
𝜑2 is the phase of the other pulses in the sequence. 𝜃 represents the angle of rotation, which is 
related to the pulse duration (Equation (1-5)). 
In SLSE sequences, the signals obtained after each RF pulse applied are added to increase the 
SNR. SLSE sequence have the advantage of faster results, compared with FID, because time 
between pulses could be significantly smaller. 
1.3.3 Steady state free precession (SSFP) 
In this sequence, evenly spaced RF pulses are sent to excite the sample, all of them having the 
same duration. After a few pulses a new steady-state will be established. This phenomenon is 
called partial saturation, meaning that the system has not fully relaxed back to its equilibrium 
condition. As shown in Figure 1-9, in this situation the signal never completely disappears, so 
that a continuous signal of varying amplitude is produced. This is known as a steady-state free 
precession (SSFP). Although the signals look like echoes, they are more complex than this. In a 
very general form the time evolution of the nuclei after the effect of a SSFP sequence can be 
divided into three periods: a first period of transition that lasts from the start of the multi-pulse 
sequence until the time ~𝑇2; a second period of quasi-stationary state that exists at times 𝑇2
∗ <
𝑡 < 𝑇2𝑒; and a third period of stationary state that is established at the time > 𝑇2𝑒 from the start 
of the sequence. After a long train of RF-pulses in a SSFP sequence, signals refocused from 
multiple prior cycles contribute to the final signal. 
Figure 1-9: By applying a train of evenly spaced RF-pulses of the same duration, a continuous 










As in SLSE sequences, in SSFP the signals obtained after each RF pulse applied are added to 
increase the SNR. The SSFP sequence is usually expressed in the form: 
(𝜏 − 𝜃𝜑 − 𝜏)𝑁
 (1-7) 
Where 𝑁 is the number of pulses in the sequence, 2𝜏 is the repetition time or the time between 
pulses in the sequence, 𝜑  is the phase of the pulses and 𝜃  represents the angle of rotation 
(Equation (1-5)). 
1.4 Ammonium nitrate 
In Antioquia, most antipersonnel landmines are homemade using ammonium nitrate [7]. 
Ammonium nitrate (AN), whose formula is 𝑁𝐻4𝑁𝑂3 consists of ammonium and nitrate ions 
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linked as shown in Figure 1-10 (b). AN can be obtained by the reaction of nitric acid with 
ammonia (𝐻𝑁𝑂3 + 𝑁𝐻3 ⟶ 𝑁𝐻4𝑁𝑂3), as shown in Figure 1-10 (a). AN has a melting point of 
169 °C at atmospheric pressure, below which it can exist in five different crystallographic forms 
(phases I-V) [12]. The phase transitions between polymorphs depend on the temperature, but are 
also affected by the hygroscopic nature of AN. The stable polymorph at room temperature (from 
-16°C to 32°C) is the fourth (known as AN-IV). 






























nucleus has moved to
the nitrogen
Negative charge because
the hydrogen has left its
electron behind
 
Since there are two nitrogen atoms in the AN molecule at different positions, each distinct 𝑁 
14  
nucleus will give rise to three NQR transitions (three transition frequencies). These transitions 
were reported in [12], and are presented in Table 1-1 for the AN-IV phase. 
Table 1-1. 𝑁 
14  transition frequencies for AN-IV at 25°C 
 Nitrate ion (kHz) Ammonium ion (kHz) 
𝝂𝟎 73 103 
𝝂− 423,4 127 
𝝂+ 496,4 230 
From Table 1-1, excitation frequencies 𝜈− and 𝜈+  for 
14N nuclei at nitrate ion are higher than 
those for ammonium ion, and since NQR signal magnitude is proportional to frequency [15], 
frequencies of nitrogen at nitrate ion are of most interest. Some parameters of frequencies 𝜈+ 
and 𝜈− at nitrate ion are presented in Table 1-2 [13]. 
As seen in Table 1-2, the transition frequency that would give rise to the largest signal, is 𝜈+, as 
it is the highest. However, the temperature coefficient of 𝜈− is markedly lower than that of 𝜈+ 
(meaning that the changes of 𝜈− with temperature are much lower); and, as in landmine detection 
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the temperature will not be known accurately, 𝜈− frequency is more suited. The value of 𝑇2𝑒 is 
rather long for both 𝜈− and 𝜈+, which means that long pulse trains can be employed to increase 
the number of acquisitions, and therefore, increase the SNR. 𝑇1 is very long for both 𝜈− and 𝜈+, 
which is a drawback for FID sequences, since the required repetition time would be very long.  
Table 1-2.  Parameters for transition frequencies 








Frequency at 25°C 496.4 kHz 423.4 kHz 
Temperature coefficient  −300 Hz/°K +91 Hz/°K 
Temperature coefficient for 𝑇1 0,2 s/°K 0,34 s/°K 
𝑇1 at 25 °C 13 s 16 s 
𝑇2 at 25 °C 8 ms 6 ms 
𝑇2
∗ at 25 °C 2,5 ms 2,4 ms 
𝑇2𝑒 for 3 ms of pulse interval in SLSE 3,02 s 2,5 s 
1.5 Literature review 
Here is a summary of the literature review, arranged in three categories: AN detection by NQR, 
landmine detection by NQR and other main-related works.  
1.5.1 Detection of AN by NQR 
Few studies were found around AN detection by NQR in the literature and none of them is related 
to landmine detection. Papers found on the topic include [12], in which NQR excitation 
frequencies, polymorphs and relaxation times for AN were studied; [11], where the NQR signals 
from AN and from TNT are compared, concluding that AN is easier to detect; [13] where a 
system for AN detection inside vehicles was developed, passing the vehicle slowly through a big 
coil and [10], in which NQR is applied for ANFO and RIOGEL+ detection, two explosives made 
with AN. In these papers, detection is not remote and RFI is not considered. Main conclusions 
from the literature review are these: 
 The detection of AN by NQR is achievable and pulse sequences like SLSE or SSFP are 
required as the longitudinal relaxation time of AN (𝑇1) is very long (very inconvenient for 
FID) and 𝑇2𝑒 is also long (very convenient for SLSE and SSFP).  
 AN has more convenient parameters for its detection by NQR than TNT, which is the main 
explosive employed conventional landmines [11]. 
 When there is a mixture of AN with TNT [9] or with fuel oil [8], the NQR signal from AN 
on those mixtures is proportional to the amount of AN in the mixture. This indicates that 
those additives do not influence the crystal structure of AN.  
1.5.2 Landmine detection by NQR 
No previous work was found about AN detection inside landmines, but there were publications 
about detection of other explosives (RDX and TNT) inside landmines. Main works found on the 
literature about landmine detection by NQR are: 
[16]: the author reports first year results of a landmine detection project with NQR. He used a 
lower coil for NQR excitation and detection, and an identical upper coil to cancel RFI. He made 
blind tests (where mine size and depth were unknown) with 30 g and 1 kg of RDX at three 
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depths inside tubes with dry and wet soil (with clay, sand or organic matter). Scanning time 
was two seconds. Results showed a detection probability of 90% with 10% probability of false 
alarm. It was also found that soil moisture and texture did not have a systematic effect on the 
results, the dominant effect was RFI.  
[17]: a description of a developed NQR technology is described, showing results obtained in 
blind tests made at Fort Leonard Wood, Missouri - U.S. Army. Landmines with RDX and TNT 
were detected, employing scanning times of 3 s when looking for RDX and 16 s when looking 
for TNT. They used multi-pulse sequences and summed up the echo signals. Power spectrum 
was compared with a threshold to make the detection. Landmine depth was not considered on 
the paper.  
[15]: a portable sensor was developed and used for landmine detection with this methodology: 
the sensor was placed over an area and a sequence to detect RDX was started, lasting 1 s. Then, 
the same procedure was executed for TNT lasting 0,6 s. As they considered important to 
maintain the scanning time below 2 s, only one SLSE sequence repetition was employed for 
TNT. Scanning time at each place lasted 1,5 s, but data storing, processing and control sum 
another 12 s. Detection was based on spectrum signal intensity. 100% probability of detection 
for TNT was reached, but with a high rate of false alarms. But it was showed that by repeating 
the whole sequence another time, false alarms were suppressed.  
[18]: a NQR prototype was described and results were presented for sodium nitrite detection. 
They used SLSE sequence for excitation and showed that scanning times required for detection 
increase with mine depth (3 s for 3 cm depth and 90 s for 10 cm depth). Detection was based 
on signal spectrum, finding the highest peak and looking if it is inside an expected interval. 
In [14] an NQR system was developed to detect RDX. Tests were made at different mine depths 
for 100 g of RDX. The System took 13 minutes per scan. Under these conditions, they could 
detect RDX into a landmine at 15 cm depth and outside a shielded room. They also made tests 
with a lower detection time (two minutes per scan), and for this time, the detection limit was 
100 g of RDX at 10 cm. Detection was based on signal strength. 
Although any of the works were about AN detection in landmines, on those publications, 
valuable information was found about landmine detection by NQR, and these are the main 
conclusions: 
 Landmine detection by NQR has these challenges: detection is remote, RFI could be very 
strong in open environments and there is a coupling between the detection coil and the soil 
that should be considered 
 Noise is a main affecting factor that could be mitigated in one of two ways: with a second 
coil that records the environmental noise, to subtract it from the signal acquired by the main 
coil; or with a gradiometer coil, that is capable of filtering far field RFI. There are authors in 
favor of both solutions and both show good capabilities to solve the problem; however, the 
gradiometer seems to be a simpler solution. 
 The coil must be over the landmine location to detect it, so the detection procedure should 
guarantee that the sensor head will stay over each place of the mined area. 
 To detect deeper landmines, more time is required for accumulating more measurements. 
However, the conclusions about the detection times and sensitivities are much related to the 
substance and to the equipment. RDX is very easy to detect because its longitudinal relaxation 
time is very low (𝑇1 = 3 ms) and TNT is very hard to detect because of its high 𝑇1 (4.7 s) and 
low 𝑇2𝑒 (30 ms), and because it has at least two polymorphic forms that coexist at room 
temperature, with different NQR frequencies.  
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 The detection of a landmine is made by comparing the peak of the signal spectrum (or the 
integral of the spectrum over a frequency range) with a threshold. 
1.5.3 Other related literature 
On the process of making the proposal of this doctoral work, other related documents were 
reviewed on the context of landmine detection by NQR. Here are the main findings: 
 Other works are found on the literature that propose different algorithms for NQR signal 
detection, most of them were published by the authors Somasundaram and Jakobsson et al 
[29–33]. The algorithms are based on modeling each individual echo of the NQR signal (after 
excitation with a SLSE sequence) as a sum of damped sinusoids, matching the acquired data 
to the model with a maximum likelihood algorithm. From this approach, the authors made 
subsequent improvements to include temperature effects [32], the presence of various 
polymorphs (like in TNT) [30] and dealing with RFI [33]; however, there is a main drawback 
on the developed algorithms: they work over the whole echo train of a SLSE sequence, 
meaning that the echoes cannot be added, which is usually required in practice to compensate 
for a low SNR in a reasonable time. Also, all of the proposed algorithms were tested using 
simulated data and real data “obtained using a shielded solenoidal coil at stable temperature” 
[30]; in fact, some of them were only tested with simulated data [32],[33].  
 A general conclusion of the reviewed papers about landmine detection is that no technology 
is capable of detecting all types of landmines under all environmental conditions and that 
there is a need for developing multi-sensor detection systems in order to overcome limitations 
of individual sensors [8],[20],[21],[35],[36]. Also, it has been concluded that the fusion of 
detection systems at the feature-level outperforms fusion at the decision-level [37][38][39]. 
1.6 Chapter conclusion 
On this chapter, the theory behind the NQR phenomenon was explained, including relevant 
information for NQR signal detection: relaxation parameters of the substances, pulse sequences 
usually employed and factors that are detrimental to the detection of NQR signals. The frequency 
of excitation and relevant parameters about AN were also discussed. 
This chapter also presented a summary of literature review about NQR technology and landmine 
detection. No works were found on AN detection on landmines, thus, a landmine detection 
system must be constructed for that specific substance, considering its properties as well as 
environmental factors. Also, all the works on landmine detection by NQR based the detection 
only on signal intensity. Other algorithms that were proposed, showed good performance on 
simulated data or in real data taken in a controlled environment, but have not been proved for 
landmine detection, and are also not very suited for this task as they require the whole time-
domain signal, without averaging the echoes after each pulse.  
As the literature about landmine detection concludes that a sensor fusion is required and that it 
will be better to do such a fusion at the feature-level instead of at the decision-level, the 
hypothesis arose that more distinctive features can be considered instead of using only the 
spectrum intensity, to achieve higher probability of detection and lower false alarm rate with the 
NQR system. With the added features, landmine detection by NQR can be considered as a binary 
classification task (“mine” class and “no mine” class), training a classifier with data from the 
two classes. Also (although it is not demonstrated on this work) it is expected that this kind of 
solution would add valuable information when combining, at the feature level, the NQR 
detection technology with another sensor. 
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2. Nuclear quadrupole resonance system 
A NQR system for AN detection is a system capable of sending RF pulses at a specific frequency 
with precise duration and controlled intervals, and capable of sensing the response signal at the 
compound frequency and of adding the signals acquired after successive pulses in a multi-pulse 
sequence.   
The only NQR systems found in the market were Apollo and LapNMR, both of Tecmag 
(http://www.tecmag.com/). Tecmag’s spectrometers are laboratory equipment that can be used 
on a frequency range from 2 kHz to 125 MHz, and they cost about US$ 30.000. They can 
generate RF signals and acquire NQR signals that can be post-processed in a computer software. 
However, Tecmag equipment are bulky and need extra elements (not included): a RF power 
amplifier, a TR-switch, a 𝑄 switch, a low noise preamplifier and a NQR probe. Those elements 
increase the cost, size and complexity of the solution, thus Tecmag’s spectrometers are not ready-
to-use equipment.  
To have a more compact and lower cost device for the landmine detection application, a system 
for ammonium nitrate detection by NQR was constructed at Osaka University, Japan, under 
direction of Professor Hideo Akaba in an internship at the laboratory of Professor Hideo Itozaki. 
Prof. Akaba designed a low-cost transceiver circuit and tested it in a homemade portable NQR 
equipment for detecting imidazole at 1,368 MHz [40]. As the design of the detection instrument 
depends on the target frequency, it was needed to adapt the design and construct a new equipment 
for the detection of AN at 423,5 kHz. The portable NQR system developed for ammonium nitrate 
detection is shown in Figure 2-1. Main components of the system are an NQR console, a 
transceiver unit, an NQR probe and a battery. Figure 2-2 shows a picture of the elements. 
Figure 2-1: Schematic diagram of a portable NQR system for detection of ammonium nitrate. 
The system mainly consists of an NQR console, a transceiver unit, an NQR probe and a 5V Li-
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Figure 2-2: Picture of the portable NQR system for detection of ammonium nitrate, showing the 
circuits and components. Weights of the elements are also displayed. 
 
2.1 The transceiver unit 
The transceiver unit has three main functions. First, as the same NQR probe is going to be 
employed for sending RF pulses and for receiving NQR signals from AN, it should allow for 
switching between transmission and reception mode (commonly referred to as a T/R switch), 
thus, it should allow the RF pulse signal coming from the NQR console to pass to the NQR 
probe, while protecting the receiver amplifier from the high voltage pulses. Once the RF pulse 
is sent, the transceiver unit should allow the NQR signal picked-up by the NQR probe to pass to 
the receiver preamplifier. This T/R switching function should be very quickly (~1 𝜇𝑠). A second 
function of the transceiver unit is that of switching the 𝑄 factor of the probe, lowering it during 
some time after the end of pulsing, allowing the energy of the RF pulse to dissipate, to short the 
recovery time of the probe. The last function of the transceiver unit is to pre-amplify the NQR 
signal from the probe before sending it to the NQR console. 
A schematic design of the transceiver unit designed by Akaba [40] is presented in Figure 2-3. As 
explained in [40], during transmission, a RF pulse signal enters and all diodes 𝐷2 − 𝐷5 become 
low impedance because the applied voltage (RF pulse input voltage ≈ 24𝑉) is higher than the 
forward voltage drop of the diodes (𝑉𝐹 = 0,88 𝑉), and the TR switches 𝑆1, 𝑆2 and 𝑆3 become 
high impedance when the applied voltage exceeds ±2 V. TR switch 𝑆3  avoids the high input 
voltage from reaching the receiver preamplifier. The 𝑄-switching signal comes from the NQR 
console and during pulsing, no signal is sent. This way, during pulsing, the transceiver unit 
becomes equivalent to the circuit shown in Figure 2-4, which is a series resonant circuit. With 
the configuration in Figure 2-4, a large current is achieved from a low voltage source, since at 
the resonant frequency, the resistance of the series circuit is minimum, and thus, a large magnetic 
field is generated on the coil. 
In contrast, during the reception, the transceiver unit becomes equivalent to the circuit shown in 
Figure 2-5 since diodes 𝐷2 − 𝐷5 become high impedance and switches 𝑆1 − 𝑆3  become low 
impedance. The bipolar transistor 𝑄1 is used to change the 𝑄 factor of the receiver circuit by 
switching the resistance of the circuit from 25 Ω (the sum of the resistances from 𝑅2 and 𝑆1) to 
1,6 Ω (resistance between collector and emitter of the transistor when the signal is sent to its 
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base), that is controlled by a signal generated from the NQR console. A capacitor 𝐶1 and a 
resistor 𝑅1 form a low pass filter, suppressing the quick response of this switch action. The 
parallel configuration in Figure 2-5, which is the reception-equivalent circuit, is ideal during 
reception as in this configuration the system impedance is maximized at resonance, and the 
acquired signal voltage is at maximum. Also, the parallel capacitor 𝐶𝑝  allows impedance 
matching with the pre-amplifier, without affecting the 𝑄-factor.  







































48 Nuclear Quadrupole Resonance System for Landmine Detection in Antioquia 
 
Finally, the pre-amplifier is a resistive feedback transimpedance amplifier (TIA) with low input 
impedance, made of a single low-noise and high-speed operational amplifier [40]. The circuit 
diagram is shown in Figure 2-6. This amplifier becomes part of the series resonant circuit during 
NQR signal reception.  












2.2 NQR console 
The NQR console shown in Figure 2-1, designed by Akaba [40], is responsible for the following 
tasks: 
 Generate and amplify the RF pulse that is going to the transceiver unit, 
 Amplify the NQR signal coming from the transceiver unit, filter it and make an analog 
to digital conversion (ADC) prior to its storage and analysis. 
 Generating the 𝑄-switching signal for the transceiver unit  
For the first task, a class-D amplifier with low output impedance (< 1Ω) was used [40], with a 
half bridge configuration. The circuit diagram is shown in Figure 2-7. This amplifier became a 
part of the series resonant circuit during the transmission. Diodes 𝐷5  and  𝐷8  are used for 
clipping the voltage, so it would be less than the breakdown voltage of the MOSFETs 𝑄2 and 
𝑄3. Two pulse width modulated signals (PWM) at the target frequency with 180° phase shift 
were fed into a MOSFET gate driver to make the pulse. This amplifier has also a 𝑄 switching 
function. During the transmission, the output impedance of the amplifier is less than 1 Ω, which 
is mainly from the on resistance of the MOSFETs. After the transmission, the pulse signal 
remains in the resonant circuit and decay exponentially with time. Before the signal voltage 
become less than a forward voltage drop of the diodes D6 and D7, the output impedance of the 
amplifier is dominated by the value of the resistor 𝑅4 (25 Ω), which reduces the 𝑄 factor of the 
circuit.  
For the second task (amplifying the NQR signal), a pre-amplifier is employed. The output signal 
from the pre-amplifier is fed into the receiver amplifier and then filtered with a bandpass filter 
before digitizing the signal with the A/D converter.  
The “brain” of this console is a field programmable gate array (FPGA). The FPGA board (DE0-
Nano, Terasic Technologies Inc.) comes with an Altera Cyclone IV FPGA, a 50 MHz clock 
Oscillator, a 32 MB SDRAM, and a serial configuration memory device. The DE0-Nano board 
includes a built-in USB Blaster for FPGA programming. Inputs and outputs include 2 
pushbuttons, 8 user LEDs and a set of 4 dip-switches. It also has 2 headers of general purpose 
input/output (GPIO), each with 40-pin. 
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Figure 2-7: half bridge class-D amplifier with a 𝑸 switch function. The resistor R4 determines 































The outputs from the FPGA are the two PWM signals to drive the class-D amplifier for the RF 
pulse, the Q-switching signal that goes to the transceiver unit and a clock signal to drive an A/D 
converter. The inputs to the FPGA are a Start/Stop signal, sent through a push button, and the 
output of the A/D converter (the sampled NQR signal). 
The FPGA hardware was configured using Quartus II (in Verilog language) and a Nios II 
processor was included. The Nios II processor core is a soft-core central processing unit, and it 
was programmed using Nios II software (in C language). The designed and programmed 
architecture on the FPGA is shown in Figure 2-8. In Figure 2-8, the built in 50 MHz clock on the 
DE0-Nano board is used for timing the different components of the system.  
A numerical control oscillator (NCO) is used to create a signal at the frequency of the target 
substance (in this case, at 423,5 KHz of ammonium nitrate). From that, the two PWM signals, 
needed by the class D amplifier, are generated, and they go out by the GPIO on the board. The 
phase increment for the NCO and the phase of the pulse are variables stablished on the program 
in the Nios II Processor. 
A clock signal at the target frequency is also generated from the NCO, and it is used in a counter 
that controls all the sequence time (start and end of pulsing, 𝑄-switching signal start and duration, 
and data acquisition). By comparing the output of this time counter to different values (from the 
Nios II Processor), like the start time and end time for pulsing, start time and end time of Q-
switching, etc., the whole sequence is time-controlled. 
The data acquired from the ADC on the NQR console, is converted from serial to parallel and 
stored in a RAM memory. The Nios II Processor reads the data and is responsible of averaging 
the acquired data after different repetitions of the sequence. After averaging, data is stored on 
the flash memory on the DE0-Nano board. A Clock signal is also needed for the ADC on the 
NQR console. It should work at 18 times the sampling frequency. The sampling frequency was 
stablished to be four times the reference frequency (for quadrature subsampling). Reference 
frequency is usually selected to be equal to the target frequency (423,5 KHz), but it could be 
changed. 
The number of repetitions of the sequence is controlled from Nios II processor. An external reset 
signal is used to start/reset the sequence. After the averaged time-domain signal is stored in the 
flash memory on the DE0-Nano board, it should be extracted through a computer, by a memory-
reading program written in C (on Nios II software). Then, by fast Fourier transform (FFT), its 
spectrum can be analyzed, using LabVIEW (National Instruments) or Matlab (Mathworks).  
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2.3 The power supply 
A Li-ion battery (DE-M01L-5220, 5,200 mAh, Elecom) is used as a portable power supply for 
the NQR system. However, switching noise from the battery affected the NQR signal. Therefore, 
low pass filters consisting of inductors and capacitors are necessary for the NQR measurement 
(see Figure 2-9). The filtered 5 V output was fed to an NQR console, a transceiver unit, and a 
DC-DC converter that is used to power the class-D power amplifier in the NQR console. The 
output voltage of the DC-DC converter is 24 V, although the voltage can be adjustable from 3 to 
38 V. The switching frequency of the DC-DC converter is ~ 750 kHz, which is higher than the 
NQR frequency of the sample, to prevent the switching noise from interfering the NQR signal 
acquisition. The current distribution from the battery is also shown in Figure 2-1. The maximum 
power consumption of the NQR system, observed during the NQR excitation, is less than 4 W. 
The breakdown of the consumption is as follows: 64% at the FPGA board, 33% at the class-D 
power amplifier and 3% at the transceiver unit. 
Figure 2-9: Filter design for noise coming from the battery. 
 
2.4 NQR signal detection from Ammonium Nitrate 
To demonstrate the ability of the system for exciting the AN sample and for acquiring the NQR 
signal from the sample, two experiments were performed, one with the constructed portable 
system and another with the commercial NQR system.  
First, a solenoid coil (shown in Figure 2-10) was constructed and connected to the commercial 
NQR console (Tecmag Apollo). The used configuration is presented in Figure 2-11. The RF 
pulse signal from the Apollo console was the input to a power amplifier (N146-6034A model, 
0.5 – 5 MHz, 1KW), and the amplified signal was feed into the solenoid coil, where a sample of 
500 g of AN was placed inside. Pulse width was experimentally adjusted to get the maximum 
NQR signal amplitude. The NQR signal was picked-up by the solenoid coil, and passed to the 
NQR console through a pre-amplifier and a low pass filter. A T/R switch was also constructed 
(see Figure 2-12). This circuit has high impedance at transmission and low impedance when 
receiving the signal. It works like a 𝜆 4⁄  transmission line because its current is zero when the 
voltage is at maximum (at the resonance frequency). I also works as a low pass filter. Two pulse 
sequences were used: an FID sequence with 50 pulses waiting 30 s between pulses, and an SSFP 
sequence, with 5.000 pulses and 2,3 ms between pulses. 
The spectrum of the acquired NQR signal was obtained and analyzed using a PC and the software 
NTNMR (software for control, data acquisition and data processing of Apollo system). As shown 
in Figure 2-11, the coil, the capacitors, the T/R switch and the pre-amplifier were inside a 
shielded room to avoid interference from external noise. The connection of the elements inside 
the shielded room to the outside elements was achieved through BNC connectors on the shielded 
room, using coaxial cables. 
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Figure 2-10: Solenoid coil made for exciting the AN sample and for picking up the NQR signal. 
 
Coil Diameter 11,3 cm 
Coil length 14 cm 
Wire diameter 0,56 mm 
Inductance (𝐿) 152 𝜇H 
Number of turns 52 
Resistance  4 Ω 
 














 𝐶𝑝 195,5 𝑝𝐹 
 𝐶𝑆 457 𝑛𝐹 




𝐶1 7,53 𝑛𝐹 
𝐶2 7,53 𝑛𝐹 
𝐿 19,2 𝜇H 
The same experiment was repeated for the constructed NQR portable system, with the same coil 
on Figure 2-10. In this case, all the NQR portable system was placed inside the shielded room, 
and the signal spectrum was acquired and analyzed in LabVIEW.  
The results are presented on Figure 2-13 and Figure 2-14 for Apollo console and the portable 
NQR system, respectively.  The experiment was not intended to compare which system performs 
better, but to demonstrate the ability of the constructed portable system for detecting ammonium 
nitrate, using the Apollo equipment as a reference. From the results, this was demonstrated. 
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Figure 2-13: Spectrum of signal acquired by Apollo NQR spectrometer with and without sample 
in the coil. To the left, FID pulse sequence results (averaging 50 signals), to the right, SSFP 
results (after 5.000 pulses, 2,3 ms between pulses).  
  
Figure 2-14: Spectrum of signal acquired by the portable NQR equipment with and without 
sample in the coil. To the left, FID pulse sequence results (averaging 50 signals), To the right, 
SSFP results (after 5000 pulses, 2,3 ms). 
 
2.5 Chapter conclusion 
On this chapter the design of the NQR portable system was presented, which was adapted from 
the homemade portable NQR equipment constructed by prof. Akaba for detecting imidazole at 
1,368 MHz. The constructed equipment is portable, having low weight (189 g) and compact size. 
By using the same coil, sample and pulse sequences, results with the portable system were 
comparable to those given by the laboratory equipment of Tecmag, thus, system ability to excite 
14N nuclei in AN sample, and to pick up the NQR signal was demonstrated. 
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3. Nuclear quadrupole resonance probe 
When developing a NQR equipment for landmine detection, the design of the RF coil strongly 
affects the performance of the system, as it is responsible for sending RF pulses at a specific 
frequency, and of picking up the NQR signal from the sample, if present.  
Generating an RF magnetic field around the sample can be fulfilled by driving an oscillating 
current (at the resonance frequency) into an inductor. Combining the inductor with capacitors, 
an LC resonant circuit can be achieved (Figure 3-1). Resonance of a circuit involving capacitors 
and inductors occurs because the collapsing magnetic field of the inductor generates an electric 
current in its windings that charges the capacitor, and after being charged, the capacitor starts to 
discharge, providing an electric current that builds the magnetic field in the inductor. This 
process is repeated continually. 
Figure 3-1: Oscillating LC circuit, the energy is shared between the amount stored in the electric 
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Although the combined inductor and capacitor constitutes what is called a NQR probe, from the 
two, the inductor is of most importance as it is responsible of projecting a magnetic field towards 
the ground and of picking up the signal by faraday’s law of induction. The diagram on Figure 
3-2 illustrates this process. By means of the electronic components, a voltage sinusoidal pulse at 
the resonance frequency is feed into the coil. When in resonance, the effective impedance across 
the LC network goes very low and the current in the coil grows to a maximum. This current 
generates a sinusoidal varying electromagnetic field that reaches the target substance inside the 
landmine, where the 14N nuclei get excited. The nuclei’s response is to create an oscillating 
magnetic moment at the resonance frequency (represented by the M on Figure 3-2), that is 
detected by Faraday’s law of induction (the oscillating magnetic field induces an oscillating 
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current signal on the inductor). This creates the NQR signal that is transformed to a voltage signal, 
filtered and amplified by the electronics of the system. 








In the literature about landmine detection by NQR, little detail is found about the design of the 
RF coil for the landmine detection application. Only two works were found on the topic of coil 
design: [41], in which two-spiral flat coils having uniform and logarithmic windings were 
compared for detecting NQR signals; and [42], in which authors proposed a simulation method 
to estimate the detection efficiency of NQR. However, many important characteristics should be 
considered when designing a RF coil for a NQR system, and the design parameters are very 
specific to the application: the target substance, the size and shape of the enclosure, its depth, 
and noise conditions. Those parameters were not considered in [41] or [42].  
This chapter is about the design and comparison of some RF transceiver coils. For designing the 
coils, specific characteristics of landmines in Colombia were considered. The performance of the 
coils was evaluated by three parameters: RF field strength, sensitivity for picking up the NQR 
signal and noise rejection. The strategy consisted of combining theory-guided design with 
experimental comparison. This work could serve to guide RF coil design in future research that 
applies NQR for remote detection of substances in non-shielded environments.  
3.1 Configuration of inductor and capacitors 
Series and parallel configurations for connecting the inductor and capacitors are possible to get 
a resonant probe. When connected in parallel (Figure 3-3), the same voltage exists on the inductor 
and the capacitor. On the inductor, however, the current lags the voltage by 90° but on the 
capacitor, the current leads the voltage by 90° (see Figure 3-4). The currents are opposite, and 
by selecting proper values of frequency (𝜔), inductance (𝐿) and capacitance (𝐶), they cancel out 
each other to give the minimum current in the main line. Since total current is minimum, in this 
state the total impedance is maximum (and voltage will also be maximum).  
As one of the functions of the NQR probe will be picking up the NQR signal, in terms of the 
receiver section circuit design, the configuration in parallel is more desirable, as it allows to 
directly convert the induced current in the coil into a voltage signal (since impedance is 
maximum at resonance, a high voltage could be obtained from a small current). For the following 
signal amplification circuit, voltage signals are much easier to handle than current signals.  





3. Nuclear quadrupole resonance probe 57 
 
On the other side, when the capacitor and the inductor are connected in series, as in Figure 3-5, 
the same current passes through the inductor and the capacitor. As stated before, on capacitors, 
the voltage lags the current by 90° while on inductors, the voltage leads the current by 90° (see 
Figure 3-6). The voltages are opposite, and by selecting proper values of the frequency (𝜔), 
inductance (𝐿) and capacitance (𝐶), they cancel out each other to give minimum voltage in the 
main line. Since total voltage is minimum, in this state the total impedance is also minimum. 
Figure 3-4: Behavior of current and voltage when the capacitor and the inductor are connected 


















From the transmitting point of view of the NQR probe, the series connection of Figure 3-5 is 
more desirable because, when connected in series, the effective impedance across the LC 
network goes to zero and this means that the sourced current flow will be at maximum. Ideally 
it will go to infinity, but in reality it is limited by internal resistances of all the components in the 
circuit. The higher the current, the higher the electromagnetic field generated by the inductor for 
sample excitation.  
As two different configurations are desired when transmitting and receiving the NQR signal, a 
switching circuit between both was used. The switching between both configurations was 
explained on Chapter 2. 




Figure 3-6: Behavior of current and voltage when the capacitor and the inductor are connected 












Many different combinations of inductance and capacitance are possible to get the resonance at 
a specific frequency. For both parallel and series configurations, the relationship between the 
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resonance frequency, inductance and capacitance is obtained by equating to zero the sum of the 
















The proper selection of inductance and capacitance values (capacitance is part of the electronic 
components in Figure 3-2) makes the inductor to have a specific resonance frequency. For 
ammonium nitrate, those values are selected to match 423,5 kHz. 
3.2 Noise rejection 
Regular NQR coils normally respond to the presence of any magnetic field, and because of that, 
other sources nearby can generate a response on the system, masking the signal coming from a 
sample of AN. The interfering sources may include electrical equipment, power lines, and most 
severely, commercial and amateur radio stations. So far, the most effective method to reject RFI 
is shielding. For lab experiments and stationary security screeners, shielding the testing sample 
and the detection system is feasible; but for field applications, such as landmine detection, 
shielding is impractical owing to the fact that the detection targets cannot be enclosed. 
By using a special NQR coil, named the gradiometer coil, this problem can be alleviated. 
Gradiometers are supposedly circuits for measuring spatial gradients of the field. A first order 
gradiometer (which measures an approximation to the first spatial derivative of the field) has two 
sets of turns, as shown in Figure 3-7, and it only captures the magnetic field gradient between 
these two sets. The currents in these two sets of turns flow in opposite direction with each other. 
If a uniformly distributed magnetic field (far field RFI) encounters the gradiometer coil, the 
currents induced in the two turns will cancel out (in fact, this is only true if the source is a long 
way from the gradiometer, compared to the distance between the coils in the gradiometer). On 
the other hand, the currents introduced by targets near the gradiometer, will be different in the 
two sets of it, and the current gradient between the two sets will be picked up. 
Figure 3-7: First order planar gradiometer schematic showing the direction of current. 
y
 
There are other possible gradiometer configurations, as those shown in Figure 3-8. The second 
order gradiometer (Figure 3-8 b) measures an approximation to the second spatial derivative of 
the magnetic field. Higher order gradiometer configurations are also possible; however, they will 
not be considered because gradiometers of higher order have reduced sensitivity. 
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To be useful as a device for noise rejection, a gradiometer must be field balanced i.e. the areas 
of the coils must be defined such that there is no sensitivity to a uniform magnetic field. For the 
gradiometer shown in Figure 3-7, balance is achieved when left and right areas of the coil are 
equal. For the landmine detection application by NQR, a planar first order gradiometer (like the 
one in Figure 3-7) is chosen, and these are the reasons: 
 Axial gradiometers, as the one in Figure 3-8-a, occupy larger volumes, which is not a 
desirable property in the design of a manual operated system. Planar gradiometers can be 
constructed to occupy much less volume (around a third of the space) [43]. 
 The higher the order of the gradiometer, the lower its sensitivity, and the signal to be 
measured is very weak, thus, axial gradiometers, as the one in Figure 3-8-b is discarded. 
 In the planar geometry, both sides of the gradiometer coil have sensitivity for signal 
measurement, so the soil can be interrogated in a more efficient way with this kind of 
configuration. 
Although an ideal gradiometer can significantly reduce far-field RFI, in practice they are not so 
efficient due to coil manufacturing imperfections. It is very difficult, if not impossible, to 
construct such an ideal gradiometer; however, real gradiometers are still very good in noise 
rejection. 
The size, shape and separation distance between the two coils are parameters to be considered 
on the design of the gradiometer. As those parameters affect other factors of the NQR probe, 
their design is considered on subsequent sections. From the noise rejection point of view, the 
most important characteristic of the gradiometer coil is its balance, which in more simple words 
means its symmetry.  
Conclusion for noise rejection: A first order planar gradiometer is going to be designed, looking 
for its symmetry. Other parameters of the coil are considered on subsequent sections. 
3.3 RF field strength  
Looking at the circular loop like the one in Figure 3-9, the magnetic flux density at point P 
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Where 𝜇0 = 4𝜋 × 10
−7 H/m is the magnetic permeability of is free space, 𝑎 is the radius of the 
circular loop and ℎ is the distance of point P to the loop. It is assumed that point P lies on the 
axis of the circular loop.  
Figure 3-9: Calculation of the magnetic flux density in a point P at height ℎ above a current 







The plot in Figure 3-10 was constructed in Matlab using equation (3-3), for different sizes of the 
loop (different values of 𝑎), assuming a constant current of 1A. It shows that the magnetic field 
produced by smaller loops decay faster with distance than for larger loops. Depending on the 
target distance, one particular loop size would be better. Although only the magnetic field at the 
axis of symmetry of the loop is being considered, magnetic field at other points are proportional 
to the field at the center. When the magnetic field on the axis of the loop increases, the field 
strength at other points will increase in proportion. 
Figure 3-10: Magnetic flux density at different heights from a current carrying loop for different 
radius of the loop. 
 
The target depth is not a known parameter However, next statements from the Army of Colombia 
are considered to decide an expected range of depths. 
 The most common type of landmines is made with PVC tubes or with common household 
items such as jars of coffee or bottles of soda, with about 250 g of explosive. Those 
landmines are usually initiated by stepping on the plunger of a syringe, containing sulfuric 
acid and smokeless gunpowder (whose major component is nitrocellulose), separated by a 
membrane. According to the Army, for those landmines, the plunger of the syringe is 







Magnetic field produced by a circular loop



















a = 2 cm
a = 2.5 cm
a = 3 cm
a = 4 cm
a = 6 cm
a = 8 cm
a = 10 cm
3. Nuclear quadrupole resonance probe 61 
 
partially left over the ground, so the depth of the landmine would be something about 1 ~ 8 
cm, as shown in Figure 3-11. The depth depends on the enclosure, as some recipients will 
have longer “bottleneck”, as in the pictures presented in Figure 3-12. Figure 3-11 also shows 
the typical diameter of a landmine to be around 5 ~ 9 cm. 
 There is also other type of landmines that are very big and are found deeper, like the one in 
Figure 3-13. It seems that the deeper a landmine is buried, the bigger it is, because, as the 
army says, if it is deeper, more explosive is required to reach the surface and cause a damage. 
 Finally, there are also some landmines that are small and are placed about 30 cm depth. In 
that case the terrorists use a stick to transmit the movement from the ground surface to the 
plunger of the syringe, as illustrated in Figure 3-14. 
 















Figure 3-12: Depending on the case of the landmine, the separation between the surface and the 
explosive would be shorter or longer. 
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This doctoral work is going to focus on landmines of the kind shown in Figure 3-11, which are 
the most common. From the knowledge about NQR technology (fom the literature review), it is 
very unlikely that targets as deep as 30 cm could be detected by NQR technology, as the NQR 
signal is very weak. Deeper landmines, as the one in Figure 3-13 would more likely be found by 
a ground penetrating radar. 
Figure 3-13: Very big landmines are found very deep in the ground. This one was found one 
meter depth in Fortul (Arauca).  
Source: http://www.lavozdelcinaruco.com/?id=8042#.VmhjzHYrKUk  
 
Figure 3-14: Some landmines are buried very deep, locating a stick to transfer the step pressure 









Conclusion for RF field strength: From Figure 3-10, for a depth of about 6 cm (mean expected 
depth) and above, a loop of about 20 cm of diameter (10 cm of radius) would generate the highest 
magnetic field, with those of 14 cm and 16 cm diameter giving similar results at that distance. 
Thus, those sizes are considered for coil design.  
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3.4 Quality factor  
The concept of quality factor is one that is applicable in many areas of physics and engineering 
and it is denoted by the letter 𝑄 (the 𝑄 factor). The 𝑄 factor is a dimensionless parameter that 
indicates the energy losses within a resonant element, relative to the amount of energy stored 
within the system. Thus the higher the 𝑄 the lower the rate of energy loss and hence oscillations 
will reduce more slowly. This is illustrated in Figure 3-15, showing the energy loss on two 
inductors with time, after they had been excited at their resonance frequency. The one with higher 
𝑄 (Figure 3-15 a) rings for a longer time as energy loss rate is lower, on the contrary, the one 
with lower 𝑄 (Figure 3-15 b) stops ringing faster. 
Figure 3-15: Voltage on two inductors after excited at their resonance frequency: a) response of 














The effect of the 𝑄 factor can also be appreciated in the frequency domain. Resonant circuits are 
used to respond selectively to signals at a given frequency while discriminating against signals 
at other frequencies. The response of a system with high 𝑄 is more narrowly peaked around the 
resonance frequency, so it is very sensitive to signals at the resonance frequency but has very 
low response at other frequencies. On the contrary, an inductor with low 𝑄 resonates over a wider 
range of frequencies, as shown in Figure 3-16. 
Figure 3-16: Frequency response of two different inductors: a) response of a high 𝑄 inductor, 














There are different ways to measure the quality factor of a system, from the frequency domain 
and from the time response. On the time response, after exciting the system at the resonance 




= 𝜋𝑓0𝜏 (3-4) 
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Where 𝜔0  is the resonance frequency in 𝑟𝑎𝑑 𝑠⁄ , 𝑓0 is the resonance frequency in Hz (𝜔0 =
2𝜋𝑓0), and 𝜏 is the decay time, equivalent to the time it takes for the oscillation to decay from 𝐴  
(the start amplitude) to 𝐴/𝑒. These parameters are illustrated in Figure 3-17 a. On the frequency 








Where ∆𝜔 = 2𝜋∆𝑓 is the width of the resonant power curve at half maximum, as it is illustrated 
in Figure 3-17 b. 














Energy losses within electronic circuits are caused by resistance (𝑅). Although this can occur 
anywhere on the circuit, the main cause of resistance occurs within the inductor. When the 






This is also called the unloaded 𝑄 factor as it refers only to the inductor itself, isolated from the 
rest of the circuit. Typical values of this 𝑄 factor for inductors in NQR application vary from 
about 40 to 100. From the dependence of 𝑄 with inductance and Resistance, as given by equation 
(3-6), it is possible to design an inductor approximating the desired  𝑄 . Experimental 
measurement will provide the real value of the 𝑄 factor. 
For landmine detection, because the signal is too weak to detect, a high 𝑄 is desirable as the 
inductor will show high sensitivity to the target frequency, provided that the resonance frequency 
of the inductor matches that of the target substance. However, when there is no resonance match, 
using a coil with very high 𝑄 will result in poor sensitivity due to the narrower bandwidth of the 
high-𝑄 coil. Guarantying perfect resonance match in landmine detection is very difficult for two 
main reasons: first, the frequency of the substance changes with temperature and it is not possible 
to know exactly the temperature of an underground target; second, the soil can affect the 𝑄 factor 
of the system, introducing extra losses that depend on soil composition and proximity to the coil. 
In a manually operated detection system, the separation from the soil would be difficult to 
maintain, and soil properties may vary on different locations. Due to these factors, a very high 
value of 𝑄 is not desirable as the bandwidth of the coil may become too narrow to accommodate 
unknown shifts in NQR frequency associated with unknown temperature or soil effects. In [44], 
the dependence of the SNR of a NQR detection system on the 𝑄 factor of the coil was studied. 
The results showed that for off-resonance detection of about 5 kHz (which could be considered 
typical in some landmine detection tasks), 𝑄 factors from 90 to 200 give the best results.  
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Another important factor to consider is recovery of the inductor after pulsing. The excitation 
signal makes the inductor to ring, and the higher the 𝑄 factor, the longer it takes for the inductor 
to dissipate the stored energy after excitation, and more time is needed to wait before starting 
signal acquisition. A solution consists on using 𝑄  switching systems which add some load 
(resistance) to the coil to quickly dissipate energy while the inductor is recovering. The NQR 
equipment constructed on this work (explained in chapter 2) has a 𝑄-switching function, but its 
limitations for very high values of 𝑄 have not been tested. 
Conclusion for Q factor: attending the results of [44], 𝑄 factors from 90 to 200 are going to be 
the goal on the design. However, as 𝑄 factor is related to coil inductance, which depends on coil 
size, this parameter is in conflict with the size for optimizing RF field strength. So, more than 
one coil will be constructed, prioritizing in one case the size for best RF field strength and in 
other case the desired 𝑄  factor. The one with the best performance will be selected by 
experimental comparison.   
3.5 Sensitivity 
One major concern when developing a NQR inductor is its sensitivity to the NQR response of a 
given mass of explosive. The objective is to have the capability to detect small quantities of 
explosives at maximum distances from the coil. The detection of the NQR signal is made by 
means of the Faraday’s law of inductance: the NQR signal has a magnetic component oscillating 
at the resonance frequency, which causes a voltage (or electromotive force 𝑒𝑚𝑓) to be induced 
in the pickup coil. In [15], the Faraday NQR detection was modeled as mutual inductance 
coupling from the sample to the NQR probe (see Figure 3-2), where the magnitude of the 
observed voltage signal (𝑉𝑠) is given by Equation (3-7), where 𝑄 is the quality factor of the tuned 
circuit, 𝑖 is the current in the loop which models the sample, 𝑀 is the mutual inductance between 
the sample and the pick-up coil, and 𝜔 is the signal frequency.  
𝑉𝑠 = 𝜔𝑀𝑖√𝑄 (3-7) 
The mutual inductance between two circular coaxial loops of radius 𝑎 and 𝑏, separated by a 
distance 𝐷, is given by Equation (3-8) [45], where 𝜇 is the magnetic permeability of the medium, 
and 𝐾(𝑘) and 𝐸(𝑘) are complete elliptical integrals of first and second kind, respectively. 
𝑀 = 𝜇√𝑎𝑏 [(
2
𝑘






𝐷2 + (𝑎 + 𝑏)2
 
(3-8) 
Because of the elliptical integral, Equation (3-8) does not have any analytical solution. However 
from equations (3-7) and (3-8), the relative mutual inductance between the NQR pick-up coil 
and the sample was calculated for a sample diameter of 10 cm and for receiver coil having various 
diameters (see Figure 3-18). Figure 3-18 shows that if the coil has the same size as the target (a 
higher filling factor), the resulting 𝑀 is larger, but only for small separation distances (less than 
a quarter of the target diameter). Also, 𝑀 decreases exponentially with increasing between the 
sample and the coil [46]. 
For small samples, a very large coil may provide lower SNR since the sample will not be well 
coupled to the detector. Landmine shapes and sizes in Colombia are varied, however, based on 
Figure 3-11, target diameters of about 5 ~ 9 cm are going to be considered. 
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Figure 3-18: Mutual inductance for the sample and the NQR probe at different distances. A 10-
cm diameter is considered for the sample, as well as five NQR coil diameters. 
 
Another important consideration in sensitivity is the distance between the two symmetric coils 
making the gradiometer. This distance is known as baseline (𝑏), and is shown in Figure 3-19. 
The baseline influences noise rejection and sensitivity of the gradiometer, as shown in Figure 
3-20 [47]. The figure shows the dependence of the response of a gradiometer on the distance to 
the source, in units of the gradiometer baseline. It can be seen that when the separation between 
the source (e.g. the landmine) and the gradiometer is higher than the baseline distance, the 
sensitivity of the gradiometer starts to decrease. From this, 𝑏 should be greater than the target 
depth. However, noise immunity of the gradiometer decreases with increasing values of 𝑏. 
Figure 3-19: Definition of baseline for a planar gradiometer. 
 
Figure 3-20: A typical response of a gradient coil sensor to the source with distance from the 
coil in terms of 𝑏 (distance between coils of the gradiometers). Vertical axis shows the relative 
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Conclusion for Sensitivity: For target diameters of about 5 ~ 9 cm, ideal coil diameters are 
about 18 cm and below. This coil size is consistent with the ~20 cm diameter desired for 
maximum RF field strength. Also, to detect samples up to 8 cm depth, a baseline about 8 cm 
would be ideal for the gradiometer design. Longer baseline could be detrimental for noise 
rejection. 
3.6 Design of the NQR probe 
There is no simple function which can be maximized to give the ‘best’ gradiometer design; there 
are at least two desirable features which are incompatible and some boundary conditions are not 
well known and the modeling and calculation of the many variables is not a trivial task. Because 
of that, the followed strategy consisted of combining theory-guided design with experimental 
comparison.  
The first proposed coil, coil A (Figure 3-21), is a circle of 19 cm of diameter divided in two. The 
shape was selected for compactness and in consideration to the desired baseline, with each half 
being wound on opposite direction, to make a gradiometer. The size of this coil is supposed to 
maximize the magnetic flux density during excitation, according to Figure 3-10. In addition, the 
baseline in this coil is of the order of the expected target depth, looking for high sensitivity. Each 
half of the gradiometer is 9 cm wide, which is also similar to the expected target diameter; that 
would give a good mutual inductance.   
Figure 3-21: Gradiometer coil A. Black dots are connection ports to capacitors and the NQR 
system. 
19 cm
 = 9.5 cm
Number of turns: 18.5
Distance between turns: 2.5 mm
Inductance:  58 
Resistance:  1 
 
The coil in Figure 3-23 (coil B) has the same shape and dimensions as coil A, however, its 
baseline is longer to see the effect of baseline on the sensitivity of the gradiometer. The coil in 
Figure 3-23 (coil C) has the same shape and dimensions as coil B, but it has more turns, for 
higher inductance and 𝑄 factor. The coil in Figure 3-24 (coil D) is a much bigger coil. On the 
pervious coils, the external size was selected to match the size of the target, to get a high mutual 
inductance, and thus, more sensitivity. However, there are two contradictory parameters when 
thinking about sensitivity of the coil: in addition to matching the target size, a higher 𝑄 factor 
will improve system sensitivity, however, 𝑄 is increased by increasing its inductance, which 
means more turns in the coil and hence, bigger size. That is the reason why coil D was 
constructed so big. Finally, the coil in Figure 3-25 (coil E) was constructed with the same number 
of turns as coil D, and almost the same size, but with different shape, to see if shape has an impact 
on the performance. All the inductors from Figure 3-23 to Figure 3-25 were made of copper wire 
of 0.5 mm of diameter. The patterns in the figure were drawn using AutoCAD 2014, then they 
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were printed and glued to a wooden table. Then copper wire was wound on the table, following 
the printed path, and using glue at regular intervals to fix it. 
Figure 3-22: Gradiometer coil B. Black dots are connection ports to capacitors and the NQR 
system. 
Number of turns: 18.5
Distance between turns: 2.5 mm
Inductance:  58 
b = 14 cm
Resistance:  1.1 
 
Figure 3-23: Gradiometer coil C. Black dots are connection ports to capacitors and the NQR 
system. 
Number of turns: 24
Distance between turns: 2 mm
Inductance:  96.5 
Resistance:  1.8 
 
 
Figure 3-24: Gradiometer coil D. Black dots are connection ports to capacitors and the NQR 
system. 
Number of turns: 34
Distance between turns: 1.5 mm
Inductance:  496 





Resistance:  4.8   
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Figure 3-25: Gradiometer coil E. Black dots are connection ports to capacitors and the NQR 
system. 





Number of turns: 34
Distance between turns: 1.5 mm
Inductance:  642 
Resistance:  5   
3.7 Experimental results 
3.7.1 Quality factor 
The NQR system that was explained on previous chapter has a 𝑄 switching function to lower the 
𝑄 factor of the NQR probe during a short time after pulsing, to accelerate coil recovering, so it 
would be ready to pick up the NQR signal faster. Therefore, the probe has two different 𝑄 factors, 
one when the switch function is on (high 𝑄), and another when it is off (low 𝑄). To measure the 
high and low 𝑄 factors of each coil, two experiments were made. First, the low 𝑄 factor was 
measured with the 𝑄-switch off, while feeding a sinusoidal voltage into the NQR coil at the 
resonance frequency through the NQR equipment. The voltage signal was 500 𝜇s on and 500 𝜇s 
off. Using an oscilloscope (Digilent Analog Discovery), the voltage at the coil was recorded. 
Figure 3-26 shows the voltage recorded from coil A as example.  
Figure 3-26: Voltage on the coil during a 500 𝜇s pulse at the resonance frequency (423,5 kHz). 
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To measure the high 𝑄 factor, a sample signal was generated using a small circular loop (4 cm 
diameter) connected to a signal generator (Digilent Analog Discovery). With the signal generator, 
a sinusoidal voltage at the resonance frequency of the inductor was fed into the loop, in burst 
mode (500 𝜇s of signal duration and 500 𝜇s with no signal). The amplitude of the signal was 50 
mV. The loop was placed close to the inductor, and the voltage on the inductor was captured 
with an oscilloscope (Digilent Analog Discovery). This was done while the 𝑄-switch was on 
(high 𝑄). As example, the voltage for the inductor D is presented on Table 3-1 
The 𝑄 factor in both cases was calculated by the method illustrated in Figure 3-17 a, using 
equation (3-4). The measured 𝑄 factors for the five inductors are presented on Table 3-1. 
Table 3-1. Low and high 𝑄 factors for the five inductors. 
Inductor High Q Low Q  
A 70 15 
B 69 14 
C 78 19 
D 119 34* 
E 141 47* 
* Values taken from part of the plot, as the voltage figure showed 
two different values of 𝑄 
 
Figure 3-27: Voltage on the coil D induced by a sinusoidal magnetic field at the resonance 
frequency (423,5 KHz) while the 𝑄 switch was on (high 𝑄). 
 
Although the 𝑄-switching system showed high capability for lowering the 𝑄-factor of the probes, 
for coils E and F this is only partly true. As shown in Figure 3-28 for coil D (the same happened 
for coil E), while the 𝑄 switch was off, the 𝑄 factor was lower (34) but it got higher again (to 
119) when the voltage at the coil fall to about 400 V. This Voltage is still very high, and it will 
conceal the NQR signal. This is due to the design of the 𝑄 switch in the transmission circuit. 
When the voltage decays to certain relative magnitude, a resistor that poses a load to the circuit 
stops to dominate the output impedance of the amplifier.  
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Figure 3-28: Voltage on coil D with the 𝑄-switch off. The 𝑄 factor is lowered, but it gets higher 
again after Voltage on the coil falls to about 400 V. Two exponential curves can be fitted to 
represent signal decay. 
 
3.7.2 Generated Magnetic field 
To measure the magnetic field at different distances from the coil, the experimental setup on 
Figure 3-29 was constructed. The inductor was connected to the NQR device, and it was excited 
with sinusoidal voltage at the resonance frequency. A table with a drawn grid was located at 
different distances and a circular loop, connected to an oscilloscope, was used to measure the 
induced voltage at each of the squares of the grid (see Figure 3-29). The electromotive force 




        [𝑉] (3-9) 
Where Φ is the magnetic flux through the loop, defined by Equation (3-10). 




Where 𝑠 is the area of the loop and 𝐁 is the magnetic flux density. Equation (3-10) shows that 
only the magnetic field component perpendicular to the loop is responsible for the produced 
electromotive force. Assuming a sinusoidal magnetic field generated by the coil 𝐵 = 𝐵0 sin(𝜔𝑡), 
the 𝑒𝑚𝑓 induced on the loop would be given by Equation (3-11). 
𝑒𝑚𝑓 = −𝐵0𝜔𝑠 cos(𝜔𝑡)   =   𝑒𝑚𝑓0 cos(𝜔𝑡) (3-11) 
Where 𝑒𝑚𝑓0 = −𝐵0𝜔𝑠  is the amplitude of the electromotive force induced on the circular loop, 
so, the amplitude 𝐵0 of the magnetic flux density could be calculated by measuring the amplitude 




  (3-12) 
This way, a two-dimensional map of the magnetic field generated by each coil was constructed 
at different distances. However, as the gradiometer has two symmetric sides, only half of the 
magnetic field map is presented in Figure 3-30. 
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Figure 3-29: Experimental setup to measure the generated magnetic field at different distances 
from the inductor. 
 
The magnetic flux density of the planar gradiometers is higher at the center of the two coils. The 
greatest differences are seen at 4 cm, where the coil A has the highest magnetic flux density peak, 
followed by coils B and C; coils D and E are the ones with the lower amplitude values but at the 
same time, they cover a wider area. At 6 cm, all coils produce more similar magnetic flux density 
amplitudes, and at 8 cm, differences are less apparent. This is consistent with theory; inductors 
of higher size produce a magnetic field with lower values close to the coil, but with lower rates 
of decay with distance (Figure 3-10).  
3.7.3 Sensitivity 
To measure the signal amplitude due to a source located at different distances from the coil, the 
same experimental setup on Figure 3-29 was employed, but in this case the loop was connected 
to a signal generator, and it was excited with a sinusoidal voltage at the resonance frequency. 
The signal has an amplitude of 50 mV, and the loop was placed at each of the cells of a table 
with a drawn grid. The table was located at different distances from the coil and the amplitude 
of the signal on the NQR device, captured by the NQR probe was registered. This way, a two-
dimensional map of the sensitivity of the inductor was constructed at different distances from 
the coil. However, as the gradiometer has two symmetric sides, only half of the sensitivity map 
is presented in Figure 3-31. 
From Figure 3-31, the sensitivity of the planar gradiometers is higher at the center of each half-
coil. Comparing coils A and B, which are the same size but different baseline, baseline did have 
an impact in the sensitivity of the coil at short distances (it is about 20% higher in coil B at 4 
cm), but at 8 cm the difference is smaller (about 6%). Also, coils B and C have very similar 
response. Coils D and E have superior sensitivity compared to the others. Even at 8 cm distance 
from the source, their sensitivity is almost the same as the other coils at 6 cm, and about 1,5 times 
higher than the other coils at the same distance. This was not expected from the sizes of these 
coils, because the mutual inductance of coils D and E with the small loop used for excitation, 
was expected to be low (because of the lower filling factor). Therefore, the higher sensitivity of 
the larger coils should be due to their higher 𝑄 factor. Also, coils D and E cover a wider range 
of area, which would be ideal for the landmine detection task.  
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Figure 3-30: Generated magnetic field at different distances from each of the inductors. Only 
the left half of the magnetic field map is presented as the inductors are symmetric. The position 
(0,0) of the graphic corresponds to the bottom center of the grid. 



























































































































































































































































































































































































































Coil E - 8 cm
120 µT
74 Nuclear Quadrupole Resonance System for Landmine Detection in Antioquia 
 
Figure 3-31: Sensitivity of each of the inductors on Figure 3-25 to a signal generated by a 
circular loop. Only the left half of the sensitivity map is presented as the inductors are symmetric. 
The position (0,0) of the graphic corresponds to the bottom center of each inductor. 























































































































































































































































































































































































































































Coil E - 8 cm
1523 mV
3. Nuclear quadrupole resonance probe 75 
 
3.7.4 Noise filtering 
Two experiments were performed to verify the capability of the inductors to filter noise. First, 
the inductor A was connected to the NQR equipment and the signal captured by the coil was 
acquired and registered without any external stimulus or sample present. This was repeated 50 
times, waiting 0,3 seconds between acquisitions. Acquired time domain data were transformed 
to frequency domain by Fast Fourier Transform (FFT), and then the 50 data were averaged. This 
data processing was done in LabVIEW. This experiment was repeated in two different 
environments: inside of a shielded box, to avoid any noise source (control experiment), and 
outside the shielded box, on a ground field. This experiment was also made with the flat spiral 
coil shown in Figure 3-32. As that is not a gradiometer coil, it cannot filter noise, so it was used 
to compare the capabilities of the gradiometer coil. A simulation of the noise spectrum of the 
system including the coil and the pre-amplifier of the NQR system was also made using LTspice 
IV (for Windows, Linear Technology Corp.). The results are presented in Figure 3-33. This first 
experiment was made at Osaka University (Japan). Experiments with the other coils were made 
in Colombia. As the facility for a shielded room was not present in Colombia, first experiment 
was not repeated for each coil, but by comparing the noise plot of all the coils (Figure 3-34), it 
is still possible to see their capabilities for noise filtering. 
Figure 3-32: Spiral coil made to verify noise filtering capabilities of the gradiometer coils. 
 
 
Diameter: 18 cm 
Number of turns: 29 
Inductance: 57.3 𝜇𝐻 
Resistance: 1.3 Ω 
Quality factor: 96 
 
Figure 3-33: Noise spectra for coil A inside a shielded box (left) and in the outdoors (right). The 
0 KHz frequency is the resonance frequency (423,6 KHz).  
 
The broad peak in the noise spectrum of in Figure 3-33  is due to the resonance of the probe that 
was tuned at NQR frequency. Hence, this is useful for checking the tuned frequency of the probe. 
In addition, the line width of the peak can be used to estimate 𝑄 factor of the probe. The spike 
peaks in the spectrum for the flat spiral coil correspond to the external noise taken from the probe. 
However, this noise disappears when the gradiometer is used. For the gradiometer (coil A), the 
noise obtained in the outdoors is like that obtained under the shielded conditions. This indicates 
that the origin of the noise was not environmental noise, instead it came from the NQR system 
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therefore, the origin of the noise was due to the thermal noise caused in the resistance of the 
resonant circuit, and to the pre-amplifier noise. From these results, it can be appreciated that the 
gradiometer is capable of filtering environmental noise that, using a flat spiral coil, would 
conceal the NQR signal when measurements are made in the outdoors.  
Another experiment was conducted with all the coils, registering the noise spectrum in the same 
way, in a non-shielded environment (outdoors). The results are presented in Figure 3-34. The 
spectrum obtained from simulation with LT Spice is also shown for each coil. 
It can be seen in Figure 3-34 that higher quality factor coils (coils E and F), are not very good at 
filtering noise. Although, from simulation results a higher noise peak is expected from these coils, 
as they have higher Q factor, the experimental results show that noise is higher than simulation 
predictions, especially for coil E. One factor that could affect noise filtering is a long baseline, 
which makes the coil to be more sensitive to near-field sources of noise. However, baselines of 
coils D and E are only 1 cm longer than that of coils B and C, which showed very good noise 
filtering capabilities. Hence, noise in coils D and E are most probably caused by a lack of balance 
(symmetry) of these coils. To filter noise, a gradiometer coil must be well balanced, and in a 
hand wound coil, balance is hard to accomplish, even more if they are so big. 
Figure 3-34: Noise spectra obtained outdoors with the constructed coils B, C, D and E. 
 
 
3.8 Chapter conclusion 
For this specific application and considering the capabilities of the NQR device, coils A to C 
have very similar performance in terms of noise filtering, sensitivity and strength of the generated 
RF field. From these three coils, coil C is probably slightly better because of its little higher 
sensitivity (due to its higher 𝑄 factor); thus, coil C was selected on this work. For NQR signal 
detection, sensitivity is of paramount importance as NQR signal is very weak, and highly 
decreases with target depth. A smaller RF field strength during pulsing can be compensated with 
a longer pulse (pulse duration is related to the amplitude of the magnetic field, as stated in 
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By comparing coils D and E, which are very similar but have different shape, it was seen that 
shape only has an impact in the spread of the magnetic field and of the sensitivity region. Having 
a rectangular shape will give a rectangular covered-area and this would be better for scanning a 
minefield, dividing it in rectangular cells to search for landmines. Circular shapes would leave 
non-covered regions. Thus, a good recommendation would be to make coil C in a rectangular 
shape. 
If coil E could be manufactured in a more precise way to guarantee it is well balanced, it would 
probably be the best choice because of his higher sensitivity. Despite its large size, which would 
give lower mutual inductance with the expected target size, its higher 𝑄-factor accounts for its 
higher sensitivity; also, its 𝑄 factor lays inside the range recommended in [11] when detection is 
off-resonance, which is usual in landmine detection. Even more, the resonance frequency for 
ammonium nitrate changes at a rate of -300 Hz/°C, so actual differences in resonance frequency 
estimation will not be as high as 5 kHz, but probably about 1,5 kHz, supporting the idea of using 
a high 𝑄 coil. However, it would require a re-design of the 𝑄-switching system to get a lower 𝑄 
factor after pulsing (to about 20 or less). Also, noise filtering must be experimentally verified on 
the field, as coil E is not well suited for filtering near RF interference. 
All coils showed poor sensitivity close to the edges, being higher at the center of each half-coil. 
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4. Pulse sequence for ammonium nitrate 
detection 
As it was explained in section 1.3, a multi-pulse sequence is needed to overcome the long 
longitudinal relaxation time 𝑇1 (16 s) of AN. In SLSE and SSFP, coherent NQR signals are 
generated after each pulse, and their appropriate summation results in a multiple increase of the 
signal-to-noise ratio, however, SSFP is preferred here over SLSE as there is a stationary state 
that is established from the time > 𝑇2𝑒 (𝑇2𝑒 = 2,5 s for AN when 3 ms repetition time is used), 
and this would allow to increase the SNR by extending the sequences for a time longer than 𝑇2𝑒 
(allowing to average more acquired NQR signals).  
It is not a purpose of this work to design a novel pulse sequence, but to determine the pulse 
sequence parameters that would lead to a maximum NQR signal for AN detection inside 
landmines. The next parameters are going to be considered: 
 Pulse width, 𝜎. 
 Time between pulses (or repetition time), 2𝜏. 
 Number of pulses, 𝑁. 
Pulse width and time between pulses that are best for SSFP will also be the best for a SLSE 
sequence, but the number of pulses in a SLSE will be dictated by the repetition time (𝑁 =
𝑇2𝑒 2𝜏⁄ ). 
4.1 Pulse width 
As it was mentioned in section 1.3.1, NQR signal intensity depends on pulse width 𝜎, and 
maximum signal is achieved when 𝜃 = 119°, in Equation (1-5). The FID signal dependence on 




𝐽3 2⁄ (𝜃) (4-1) 
where 𝐽3 2⁄  is the Bessel function of order 3 2⁄ . From Equation (4-1), the plot of FID signal 
amplitude vs. 𝜃 on Figure 4-1 was constructed (where a negative signal means 180 ° phase). The 
plot on Figure 4-1 is known in the literature as a nutation curve.  
Making 𝜃 = 119° in Equation (1-5), the pulse width 𝜎 that would give the maximum signal 
amplitude could be computed, as in Equation (4-2). Although it allows to compute the optimal 
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Equation (4-2) shows the dependence of 𝜎  on magnetic flux density 𝐵 , which changes 
horizontally and vertically from the NQR coil center (Figure 3-30). Because of that, it is not 
possible to have a uniform magnetic flux density on the landmine. 




amplitude is achieved for 𝜃 = 119 ° and zero amplitude for = 257,5 °. 
 
To decide about the best pulse width for landmine detection an experiment was made averaging 
50 FID signals, waiting 30 s between pulses (thus, one complete sequence lasted 25 minutes). 
That way, the NQR signal at 423,6 kHz from 200 g of AN (sample enclosed in a recipient of 8 
cm diameter and 3 cm height) was collected. The NQR signal intensity was defined as the peak 
intensity of the NQR power spectrum (50 signals were averaged on the FPGA and the averaged 
time domain signal was transformed to frequency domain by FFT on a PC). The experiment was 
repeated four times, and the four results were averaged to create a point in Figure 4-2 (each point 
required 1 hour and 40 minutes). Then, pulse width was varied and the whole experiment was 
repeated for the new condition. This was repeated also for varying distance between the sample 
and the probe. Results are presented on Figure 4-2.  
Figure 4-2: Dependence of FID signal intensity on the pulse length for different separation 
distance between the NQR probe and the sample. 
 
 
For the estimation of noise level, 50 FID scans without sample were performed and averaged on 
the FPGA (waiting 3 s between pulses). This process was repeated 48 times and each time the 
maximum peak intensity around the NQR frequency were recorded. Finally, the 48 records were 
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averaged. From the noise level in Figure 4-2, ~3 cm was the limit of the developed NQR system 
for the detection of 200 g of ammonium nitrate with 50 FID scans.  
Each plot in Figure 4-2 is not an experimental confirmation of the plot in Figure 4-1 because,  
Figure 4-1 assumes the substance is experiencing an uniform magnetic flux density 𝐵, and plots 
in Figure 4-2 are the resulting contribution of NQR signals from AN at different distances from 
the coil, experiencing different magnetic flux densities (because the landmine enclosure was 3 
cm high). Taking this into account, the experimental results were modeled as the sum of NQR 
signals experiencing different magnetic flux densities. First, the theoretical contributions at each 
distance from the coil were calculated using Equations (4-1) and (4-2). A constant magnetic field 
𝐵 was assumed at each distance, and was computed from Equation (3-3) and adjusted to fit the 
experimental results. The resultant plots are in Figure 4-4 
Figure 4-3: Theoretical signal amplitude variation with pulse width at different distances from 
the coil. Only the signals from 0 to 4 cm distances are shown. A constant magnetic flux density 
is assumed at each distance. 
.  
Figure 4-4: Same results of Figure 4-2 are presented with theoretical curves calculated as the 
sum of the signals in  Figure 4-3. Signal at 0 cm is the sum of contributions of AN at 0 cm, 1 cm, 
2 cm and so on. In the same way, signal at 1 cm is the sum of contribution of AN at 1 cm, 2 cm, 
3 cm, etc.  
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Figure 4-4 shows the sum of the computed amplitudes on Figure 4-3. Each signal in Figure 4-4 
was calculated as the sum of the signals coming from equal or greater distances. Although the 
experimental results were obtained from the peak magnitude of the frequency domain signal after 
FFT, frequency domain signal magnitude is proportional to the amplitude of the time domain 
signal, and thus, the comparison is valid. Figure 4-4 and Figure 4-3 also show a computed signal 
from 4 cm distance (signal from AN at 5 cm distance was also computed, but is not shown on  
Figure 4-3). Experimental results show that variations of signal intensity with pulse width 
decrease with increasing distance from the coil. 
Figure 4-4 allows to determine the optimum pulse length for each distance of the landmine, 
showing that an increase of ~40 s in pulse width is required to maximize signal intensity for 
each additional centimeter of separation. However, landmine depth is not known beforehand, 
and that makes impossible to establish a pulse width that is optimum in every case. Also, from 
the results, 3 cm seems to be the limit for detecting 200 g of AN with the average of 50 FID. 
Multi-pulse sequences allow the possibility of averaging more signals, but repetition of FID 
experiments is more efficient for SNR enhancing because in FID, all the averaged signals have 
(theoretically) the same amplitude, but in a multi-pulse sequence, signal amplitude is decreasing. 
Thus, (although it is going to be experimentally verified), the range of the landmine detector will 
probably be ~3 cm, even with SSFP sequence. From this and from Figure 4-4, a pulse width of 
200 𝜇s is considered the best option when looking for landmines. It gives very similar signal 
intensities for distances between 0 and 2 cm (for 2 cm, is in fact the maximum), and gives almost 
maximum amplitude for 3 cm. The obtained amplitude for 0 cm by using a pulse width of 200 
𝜇s is half the maximum possible amplitude; however, it will be hard to find a landmine where 
AN would be at 0 cm from the coil.  
4.2 Time between pulses 
For the SSFP and SLSE pulse sequences, it is known that signal amplitude varies in a cyclic 
manner as a function of the frequency offset (see Figure 4-5), and this variation is modulated by 
pulse repetition time (2𝜏 ). This effect is known as intensity variations [50]. As the pulse 
repetition decreases, the period of the intensity variations on Figure get longer and signal 
intensity gets higher. In that sense, the pulse spacing should be as short as possible to avoid 
negative effects from off resonance excitation and to get higher SNR. However, it should be 
considered that the pulse repetition time should include the acquisition time and the duration of 
“ringing” after the RF pulse. 
To decide about the best pulse repetition time, the plot on Figure 4-6 was made. It shows the 
current conditions for the NQR equipment. On the top, there is a pulse of 200 𝜇s, that is feed into 
the RF coil for sample excitation. 189 𝜇s after pulse ends, the high 𝑄  factor of the coil is 
recovered, by the 𝑄-switching action on the NQR system. This waiting time was experimentally 
optimized (when it was made shorter, there was still a ringing signal from the coil that required 
longer dead time to get dissipated. When it was made longer, no improve was obtained in 
reducing the dead time). The gate action for 𝑄-switching recovery produces a high signal (shown 
in the middle of Figure 4-6) due to a leak from the rising edge of gate action to the receiver 
amplifier in the NQR console. That caused a longer dead time before NQR signal can be recorded 
for averaging. Thus, the NQR system requires 890 𝜇s after the end of the pulse before acquiring 
the NQR signal (for comparison, a dead time of 1 ms is reported in [13]). If pulse repetition time 
were 1.500 𝜇s (total time of the plot on Figure 4-6), signal acquisition time would be just 27 % 
of the cycle. Also, there will be less sampled points for FFT and the spectrum resolution will be 
too low. To make the signal acquisition at least 50 % of the sequence [13], a repetition time of 
2.180 𝜇s (2,2 ms) is needed. Pulse width should not be increased as that would increase the 
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frequency of the intensity variations shown in Figure 4-5, and it would also affect the effective 
time for sequence duration. 
Figure 4-5: Signal intensity variations with frequency offset from resonance condition. This is 



















Figure 4-6: The figure top shows the RF pulse of 200 𝜇s for sample excitation. 189 𝜇s after the 
end of pulsing, the 𝑄 switch is activated to increase the 𝑄 factor of the coil, but this action creates 
the signal show in the middle plot, due to a leak from the rising edge of the gate signal to the 
receiver amplifier in the NQR console. When this signal dies, NQR signal (shown in the bottom) 
can be recorded for averaging. In middle and bottom plots, blue and green lines represent real 
and imaginary part of the signal, respectively. 
 
To see the effect of the selected repetition time on intensity variations when the excitation is not 
on resonance, an experiment was made varying the excitation frequency and recording the 
spectrum signal intensity after FFT. This was made for SSFP, with 15.000 pulses and 2,2 ms of 
repetition time. The experiment was repeated four times for each frequency, waiting 50 s between 
repetitions, and the results were averaged. Results are presented on Figure 4-7. From the results, 
a period of about 800 Hz is observed. 
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Figure 4-7: Signal intensity variations with frequency offset from resonance condition for SSFP. 
Repetition time was 2,2 ms. 
 
4.3 Number of pulses 
Because noise arises in a completely random fashion, when averaging the results after many 
repeated pulses in a multi-pulse sequence, the NQR signal is expected to increase in approximate 
proportion to the number of repetitions, whereas the noise should rise only with the square root 
of that number [22]. This is the reason why NQR technology is commonly used as a confirmation 
system, because scanning the same place for a long time, averaging many signals after repeated 
set of pulses, the SNR is expected to grow in proportion to √𝑁, being 𝑁 the number of averaged 
signals. Although this is completely true for repetition of FID experiments, in a SSFP sequence, 
signal acquired after each pulse is not constant in amplitude. The phenomenon occurring in SSFP 
is a complex interaction of FID signal, and signal echoes from previous pulses. Every pulse is 
followed by a FID-like signal and an echo-like signal reforms before each pulse, and both signals 
are composites of primary, secondary, and stimulated echoes.  
To see the change on SNR with number of repetitions in the SSFP sequence, an experiment was 
performed placing a sample of 200 g of AN over the NQR coil, and varying the number of 
accumulations in the SSFP sequence with 2,2 ms of repetition time. The experiment was repeated 
without AN sample. Signal intensity after FFT was recorded and the plot on Figure 4-8 was 
created. For each data point in Figure 4-8, the result of four SSFP sequences were averaged, 
waiting 30 s between the repeated sequences. Figure 4-8 shows the change of signal intensity 
when there was AN sample over the coil and when it was not. The figure also shows the plot of 
SNR, which increases until 𝑁 = 15.000, and then decreases. 15.000 repetitions for a sequence 
with 2,2 ms of repetition time is equivalent to 33 s of total sequence time. For comparison, in 
[13], where a pulse sequence is designed for detecting AN in vehicles, a time of 7 s is reported 
as the limit after which SNR began to deteriorate, however, they used 4 ms of repetition time on 
the sequence, and repetition time affects the effective time for multi-pulse sequence duration.  
Although SNR start to decrease from 15.000 repetitions, 33 s of total time could be very high for 
landmine detection and the increase in SNR from 3.000 repetitions to 15.000 repetitions is not 
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Figure 4-8: Signal intensity (left) and SNR (right) dependence on number of repetitions (number 
of pulses in the SSFP sequence).   
 
4.4 NQR signal from AN with the pulse sequence 
The selected parameters for SSFP pulse sequence are presented on Table 4-1. To compare the 
effectiveness of the SSFP sequence, the NQR signal using FID and SSFP sequences were 
obtained for 200 g of AN at different distances from the coil. FID sequence was repeated 50 
times, waiting 30 s between pulses (25 minutes in total). 
 
Table 4-1. Parameters of the SSFP sequence for landmine detection. 
Pulse width 200 𝜇s 
Repetition time 2,2 ms 
Number of pulses 3.000 
Total time of the sequence 6,6 s 
 
Signals obtained with the FID and SSFP sequences are shown in Figure 4-9 a and b, respectively. 
The SNRs of the signals were comparable in both cases, but the acquisition time for the SSFP 
sequence was 227 times smaller (6,6 seconds for SSFP sequence and 25 minutes for FID 
sequence). The broader spectrum line observed for the SSFP sequence is due to a reduced number 
of points for FFT computation, because of a smaller acquisition time than FID.  
Figure 4-9: Signal intensity of 200 g of AN at different distances from the coil, with 50 
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These results demonstrate the ability of the SSFP pulse sequence with the proposed parameters 
to detect AN remotely, with the same range as that of FID (3 cm) for detecting 200 g of AN.  
4.5 Chapter conclusion 
The parameters for a SSFP sequence were optimized for AN detection inside landmines. Pulse 
width of 200 𝜇s was estimated from the expected target depth and from the range of the NQR 
equipment. A repetition time of 2,2 ms was selected, considering the dead time after pulsing 
(influenced by the design of the NQR device) and the need for minimizing intensity variations; 
the number of pulses (3.000) which in turns determine sequence duration (6,6 s) is the one that 
gives a high SNR without waiting too long for completing one pulse sequence. The SSFP with 
the selected parameters was successfully used for detection of AN at depths ranging from 0 to 3 
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5. Factors affecting system performance 
This chapter is dedicated to the specific environmental conditions that can affect the performance 
of the NQR system for landmine detection. Four aspects are considered here: explosive mixture, 
landmine enclosure, soil composition and environmental noise. 
5.1 Explosive mixture 
An explosive is any material that, when ignited by heat or shock, undergoes rapid decomposition 
or oxidation. This process releases energy that is stored in the material in the form of heat and 
light, or by breaking down into gaseous compounds that occupy a much larger volume that the 
original piece of material. Because this expansion is very rapid, large volumes of air are displaced 
by the expanding gases. This expansion occurs at a speed greater than the speed of sound, and 
thus a sonic boom occurs. This is the mechanics behind an explosion.   
From the information provided by the Army as well as the landmine prototypes the Army has in 
a laboratory at the Battalion of Engineers Pedro Nel Ospina, the landmine illustration on Figure 
5-1 was constructed. There are other landmine types in Colombia, however the one presented in 
Figure 5-1 is a common antipersonnel landmine; also, this doctoral work is dedicated to 
landmines that have no metallic parts, and the landmine presented on Figure 5-1 is completely 
plastic, activated by pressing sulfuric acid against gunpowder through a plunger.  









The elements on Figure 5-1 are explained bellow.  
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5.1.1 Detonator 
Explosives are classified by their sensitivity level or ease of initiation. Primary explosives are 
the most sensitive, and secondary are less sensitive. Landmines, like the one in Figure 5-1, have 
a small quantity of a primary explosive (chemical detonator) and a larger amount (the main 
charge) of a secondary explosive.  
Primary explosives are initiated by heat, friction, impact, or spark. They are used only in very 
small quantities and usually in an initiator as part of an explosive train involving less sensitive 
materials. They are very dangerous materials to handle and must be manufactured with the 
utmost care, generally involving only remotely controlled operations.  
The primary explosive in chemically activated landmines is usually sulfuric acid and smokeless 
gunpowder, separated by a membrane. Sulfuric acid is a highly corrosive strong mineral acid 
with the molecular formula  𝐻2𝑆𝑂4 . Smokeless gunpowder is mainly nitrocellulose 
(𝐶6𝐻7(𝑁𝑂2)3𝑂5). The activation of the landmine is done when the sulfuric acid is pressed 
against the gunpowder through a plunger. The thermal stability of nitro cellulose decreases 
rapidly when high concentrated sulfuric acid (that is a strong oxidizing agent) is added, and it 
will spontaneously explode to activate the secondary and massive amount of explosive in the 
landmine. The secondary charge requires this high-pressure adiabatic compression to generate 
enough heat over a large enough volume to initiate a stable detonation which will propagate the 
pressure/heat in the form of a so-called shock-wave or pulse. 
Because the primary explosive elements in a landmine are used in a very small amount, compared 
with the main charge, and these are not mixed with ammonium nitrate, but separated by a plastic 
cover, they are not considered a potential affecting factor for landmine detection. Also, it would 
be dangerous to perform experiments including the primary explosive. 
5.1.2 Main explosive 
The main explosive charge of the landmine is usually made of one mixture of ammonium nitrate 
with other elements. An explosive needs a mixture of something that will burn (called the fuel), 
with something that provides oxygen (called the oxidizer). In some explosives, mainly the 
military ones, the oxidizer and fuel are in a single molecule, but in composite explosives, the 
oxidizer and fuel portions come from different molecules [52]. A classic industrial example is 
ANFO (ammonium nitrate and fuel oil). 
The army of Colombia has a manual belonging to the FARC about explosives. The manual has 
a section titled “Explosivos caseros” (homemade explosives), and explains how to make different 
explosive mixtures. Table 5-1 shows a list of the non-military explosives presented on the manual 
that have ammonium nitrate as a component. However, it should be clarified that the information 
found in the manual is not very clear. 











R-1 70 % 20 % 10 % -- -- -- -- 
R-3 80 % 10 % -- 10 % -- -- -- 
Ammonal 85 % 15 % -- -- -- -- -- 
Amatol 50 % -- -- -- -- 50 % -- 
Donarita-1 80 % -- 2 % -- -- 14 % 4 % 
Donarita-3 80 % 6 % 3 % -- -- 7 % 4 % 
R laca 70 % 15 % -- -- 15 % -- -- 
R laca 2 75 % 10 % -- -- 15 % -- -- 
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In the same section of the manual, there is information about other explosives called “cloratitas”, 
whose main component is not AN, but potassium chlorate, mixed with other substances like 
sulfur, aluminum, coal, paraffin and potassium nitrate. As they do not contain AN, they were not 
included in Table 5-1. 
The manual indicates that “R1 and R3 are ideal for all kind of mines” and that “the use of R-1 
tends to expand due to its power, ease of manufacture and ease of access to its components”. The 
manual also states that “Amatol should be used only for strategic tasks as big sabotages or 
directed attacks against the army”, indicating that Amatol is not commonly used in landmines. 
In the mixtures of AN with aluminum, AN is the oxidizer and aluminum is the fuel [53]. AN is 
a substance with relatively weak explosive properties and is not considered an explosive in many 
classifications. By adding some combustible material, AN significantly increases its ability to 
explode, and the most effective sensitizer of AN is aluminum powder [54]. When combustible 
non-explosives are added (like sawdust, rubber powder or lacquer painting), they react with the 
excess oxygen in AN to produce additional gas and heat, increasing the power and temperature 
of the explosion. If the lacquer painting has nitrocellulose, that is a highly flammable compound, 
the power of the explosion can be highly increased. 
The mixture of AN with TNT has already been studied on [11] and the mixture of AN and fuel 
oil was studied on [10]. They concluded that the NQR signal from those mixtures was 
proportional to the amount of AN; an indication that those components did not influence the 
structure of AN. Considering that the components on the mixture of each of the explosives listed 
in the manual of the FARC do not react until the moment of the explosion, but they remain closed 
together in a mixture, it is expected that NQR signal from the ammonium nitrate molecules is 
still achievable.  
As the effect of TNT and fuel oil were already researched in the literature, they are not considered 
here. Also, because nitroglycerin is highly dangerous (physical shock cause it to explode, and it 
degrades over time to even more unstable forms), its effect was not investigated either. The rest 
of the elements were studied and are presented below. 
5.1.3 Experiments 
The experiments were performed preparing the mixtures of ammonium nitrate, described in the 
manual of the FARC, that do not contain TNT or nitroglycerin. The amount of ammonium nitrate 
was always the same, changing the amount of the other components to achieve the indicated 
percentages. The mixture was made in a glass pot, using pure ammonium nitrate powder (99 % 
purity, Merck Chemicals), and then stored in a plastic bag. The bag was inserted in a PVC tube 
of 8 cm diameter. The height of the mixture varied with the total amount of explosive. The tube 
was located over the NQR probe, with no separation. 
A pulse sequence of SSFP was used to get NQR signal, with 15.000 pulses in the sequence (pulse 
width 100 𝜇s). The measurement was repeated 5 times for each mixture and each time, peak 
spectrum intensity at NQR frequency was registered (using FFT). The experiment was repeated 
for three different temperatures: 20°C, 24°C and 28°C (using an excitation frequency of 423,0, 
423,4 and 423,8 kHz, respectively). Temperature was not perfectly controlled. A portable air 
conditioning system was used to cool down a room to the lower temperature (20 °C) and 
experiments were performed with the air conditioner in off position to avoid noise coming from 
the device. A thermometer (RC-4, Elitech) was used to look out the temperature during the 
experiments. If temperature was looked to increase during an experiment, the air conditioner was 
turned on again until reaching the desired temperature, and then turned off to continue the 
experiments. The environmental temperature at that moment was 28°C, and because of that, no 
air conditioner was needed to perform the experiments at that temperature. 
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Table 5-2 shows the amount of the components employed in each of the mixtures. The manual 
did not explain if the percentages were by volume or by weight; but these were calculated here 
by weight. To weight the samples, a digital scale was used (0,01g accuracy, 500 g of capacity). 
The experiments were performed in this order: first, all the experiments were made with pure 
ammonium nitrate and R-3. Then, Ammonal was made by adding 44 g of aluminum powder to 
the sample of pure ammonium nitrate and the experiments were conducted for ammonal. Then, 
R-1 was made by adding more aluminum powder and sawdust to the ammonal sample and all 
the experiments were performed for R-1. Then, R laca2 were prepared and experiments were 
conducted for it, and finally, R laca mixture was made by adding more aluminum powder and 
lacquer painting to the R laca2 mixture. The reason for conducting the experiments on this order 
was a limited amount of ammonium nitrate. 











R-1 200 g 57 g 28,5 g -- -- 285,5 g 
R-3 200 g 25 g -- 25 g -- 250 g 
Ammonal 200 g 35 g -- -- -- 235 g 
R laca 200 g 43 g -- -- 43 g 286 g 
R laca2 200 g 27 g -- -- 40 g 267 g 
* Main composition of the lacquer painting was nitrocellulose.  
5.1.4 Results 
Results for the experiment are presented from Figure 5-2 to Figure 5-4. They show the spectrum 
intensity at the NQR frequency for all the prepared mixtures at the three temperatures. From the 
results, the first noticed factor is that AN is not always the one with highest signal intensity. Its 
median intensity is almost the highest at 20°C, is the highest at 24°C, but it is almost the lowest 
at 28°C. This is most probably because of the variability of the measurements. Some factors that 
added variability to the results in each explosive mixture were noise and possible temperature 
non-uniformities inside the sample. The medians of pure AN and R-3 are similar, probably 
because both were taken on the same experiment, but there is more variability in the results of 
R-3. Same similarities are seen for R-laca and R-laca2, which were measured during the last set.  
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Figure 5-3: NQR signal intensity for the explosive mixtures in Table 5-2 at 24°C. 
 
Figure 5-4: NQR signal intensity for the explosive mixtures in Table 5-2 at 28°C. 
 
The median of R-1 looks always lower than the others, and this could be due to the volume of 
the sample. Sawdust occupied a larger volume and the height of the sample inside the tube was 
a little higher (about 1 cm), thus, some of the AN mixture was a little further from the coil. 
Despite the variability in the results above, it is considered that the differences on the signal 
intensities are not significant. The highest difference between the medians for each temperature 
were 5 % (difference between R-3 and R-laca 2 at 20°C), 3,5 % (difference between AN and R-
1at 24v°C), and 3,7 % (difference between AN and R-1 at 24 °C). Thus, ammonium nitrate signal 
detection is achievable from those considered mixtures, with similar intensity to the signal 
obtained from pure AN. This is an indication that the mixtures did not have an effect on the AN 
crystal structure. 
There are other components that, according to the army, could be found in the explosive mixture 
of landmines and that are not listed in the reviewed manual of the FARC. Also, the army states 
that each landmine is unique, and that the armed groups are not very careful on measuring the 
components when making the explosive mixtures and that they are creative on landmine 
manufacturing, inventing new mixtures for causing more damage. However, it would be hard to 
include every possible substance used by the armed groups, mostly because there is no a 
complete characterization of the landmines in Colombia. However, there is a concern because 
some additives could affect phase transitions in ammonium nitrate [55]. For example, water is 
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dried, the transition at 32 °C disappears, and the transition at 50 °C is a metastable transition 
between phases IV and II [56]. But when 0.1% sodium nitrate is added to AN, the transition from 
phase IV to phase III occurred at 32 °C, even for the driest ammonium nitrate. The temperature 
of the IV - III transition could also be stabilized at 55 °C. by the addition of 1,84% magnesium 
nitrate to the system (in this case, the addition of 0,1% sodium nitrate does not influence the 
transition). On the other side, potassium nitrate was found to lower the temperature of the IV - 
III transition about 6 °C for each percent of added potassium nitrate. 
The above means that other substances, not considered here, could influence the ammonium 
nitrate phase transitions. If their effect is to lower the temperature of the phase transition that is 
expected at 32 °C, or to increase the temperature of the transition at -16°C, they would highly 
affect the developed detection system as it works at the frequency of phase IV, being unable to 
detect AN at other frequencies (or phases). However, from [56], the substances that had an effect 
on the phase transitions of AN, were added to molten ammonium nitrate and the mixture were 
cooled down to room temperature. In the manual of the FARC, they state (although without much 
detail), that the substances are separately dried, milled, sieved and then, mixed together. This 
could prevent the substances to affect the phase transitions of AN (but more research would be 
needed to confirm this statement). From the results on this section, it is considered that the 
substances added to AN in the experiments did not influence the AN frequency (thus, they 
probably did not affect the phase transition of AN) in the range between 20 to 28 °C, as there 
was no significant difference between signal intensities in that temperature range.  
5.2 Landmine enclosure material 
The manual of the FARC about explosives states that the explosive should be packed in plastic 
or glass containers. It is not expected that the case material will affect the NQR signal (except if 
it is metallic), as the RF signal can reach the ammonium nitrate inside the enclosure. To probe 
this point, an experiment was made with 200 g of ammonium nitrate enclosed in containers of 
different materials (polyethylene terephthalate [PET], high density polyethylene [HDPE], low 
density polyethylene [LDPE], polypropylene [PP], polyvinylchloride [PVC], wood and glass).  
Recipients of almost the same diameter were selected to make the experiment, and each recipient 
was placed over the NQR coil. A pulse sequence of SSFP was used to get NQR signal, with 
15.000 pulses in the sequence. The measurement was repeated 5 times for each enclosure and 
each time, peak spectrum intensity at NQR frequency was registered (using FFT). Experiments 
were made at 26 °C. The results of the experiment are presented on Figure 5-5. 
Figure 5-5: NQR signal intensity for 200 g of ammonium nitrate in enclosures of different 
materials. 
 
Very similar results were found for all the considered materials, supporting the idea that the 
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5.3 Landmine shape 
The effect of the landmine enclosure was also investigated. As the signal intensity decreases with 
distance from the coil, it is expected that if the recipient is wide and short, more substance will 
be closer to the coil than with a narrower and longer recipient. To see this effect, an experiment 
was made placing 200 g of AN inside five PVC tubes of different diameter. The sample was first 
put inside a thin plastic bag, and the bag was located inside each tube. Five SSFP experiments 
with 15.000 pulses each (2,2 ms between pulses) were performed for each enclosure. The peak 
intensity of AN signal was recorded and the five measurements were averaged for each 
enclosure. Results are presented on Figure 5-6. 
Figure 5-6: NQR signal intensity for 200 g of ammonium nitrate in enclosures of different 
diameter. The figure shows also the minimum and maximum of each averaged set of 
measurements as well as noise level. 
 
The results on Figure 5-6 show an almost linear dependence on NQR signal intensity with sample 
diameter. As it was expected, wider enclosures are easier to detect. 
5.4 Soil  
Nuclear Quadrupole resonance happens in nuclei with spin quantum number 𝐼 greater or equal 
to one. 76 isotopes (of 55 elements) have this characteristic. However, as frequency shifts in 
nuclear quadrupole resonance depend on the electric interactions of the nuclei, there are many 
NQR transitions frequencies for each of those isotopes, depending on the molecule in which they 
are. In [57], a catalog of spectral data of ~3.000 compounds are presented. The catalog was 
reviewed, looking for compounds with similar frequencies to the 423,5 kHz of AN, and it was 
found that most of the substances have frequencies above 20 MHz; the most similar frequencies 
found on the catalog were those of 𝐵4𝑁𝑎2𝑂7 ∙ 10𝐻2𝑂 (also known as Borax) at 425,9 kHz; 
𝑁𝑎2𝑂3𝑆2 ∙ 5𝐻2𝑂 at 426,4 kHz; 𝐵𝐻𝑂2 at 425 kHz and 𝐶𝑢2𝐻𝑔𝐼4 at 418 kHz; however those are 
substances that one does not expect to found naturally on the soil, and although having NQR 
frequencies close to the AN resonance frequency, the constructed equipment is capable of 
discriminating signals separated by less than 1 kHz, thus, the system will not get “fooled” by 
those compounds. 
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However, there are even more substances on earth than those found on [57], and it would be very 
hard to characterize the NQR frequency for each substance that has an element with a 
quadrupolar nuclei, and although many have been studied and reported in the literature, there are 
probably more that have not been reported. So, it is not possible to say that no substance will 
produce a NQR signal at the same frequency of AN, however, as this frequency is very specific, 
in a very limited range, the chances to find another substance in the minefield with the same 
NQR resonance frequency are not high. 
There are other concerns about the soil that could affect the NQR signal coming from a landmine. 
Since the NQR technique involves interaction, through soil, of bulk explosives in landmines with 
electromagnetic field from the coil, the factors that would probably affect NQR system would 
be magnetic susceptibility and electrical conductivity of soil [58]. Other attributes of soil that 
may affect the operation of NQR device are piezoelectric materials (e.g, quartz).  
5.4.1 Soil conductivity 
Soil generally consists of grains of insulating material and pore space. The electrical conducting 
media in soil is usually pore water. Water in the pore space normally contains ions, and the water 
electrical conductivity associated with ion mobility is often the dominant factor in determining 
bulk material electrical conductivity [59]. Conductivity in soils also depends on soil texture. For 
a soil texture with large grains and pores, the adsorbed water layers are insignificant. However, 
for fine grained material with small pores (e.g., clays) the effect of these adsorbed water layers 
can be significant. Thus, sands have low conductivity and clays have high conductivity [60]. 
Table 5-3 shows the electrical conductivity of major soil types. From  [61], metallic minerals are 
significant contributors to electric conductivity of soil only if their grains are interconnected, but 
metallic minerals or particles on soil usually lack inter-connectivity. 
Conductivity of soil can affect the NQR system for landmine detection because the RF magnetic 
field created in the NQR coil induces eddy currents in nearby conducting media. Eddy currents 
are loops of electrical current induced within conductors by a changing magnetic field, due to 
Faraday's law of induction. By Lenz's law, an eddy current creates a magnetic field that opposes 
the magnetic field that created it, and thus eddy currents react back, causing energy loss in 
alternating current (AC) inductors. These would traduce in a lower 𝑄 factor and in a lower SNR 
(as it is proportional to √𝑄, from Equation (3-7)) [62]. 
Table 5-3. Electrical conductivity (EC) of some major soils and clays. Source: [61]. 
Soil Type Loam Top Soil 
Clay-rich 
Soil 









A first experiment was performed to see the effect of soil conductivity on the 𝑄 factor of the coil. 
For this, a box of 40 × 30 × 15 cm was filled with soil (organic soil, product from Californian 
red worms on organic material, having organic carbon, phosphorus pentoxide, potassium oxide, 
calcium oxide, silicon oxide and ash). The NQR probe was placed on the soil surface and noise 
spectrum was checked by averaging 50 acquisitions after FFT. The experiment was repeated for 
a separation of 1 cm between soil surface and the coil, and after spraying the soil with saltwater. 
Each time the soil conductivity was measured using a soil tester (Hanna Instruments HI98331). 
Soil conductivity was measured in 4 different points and averaged. 
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The change of the noise spectrum for changing soil conductivity is shown in Figure 5-7, for the 
case when the NQR probe was placed just above soil surface (0 cm separation). The experiment 
was also made for 1 cm of separation, but the results are not presented as the noise plots were 
almost equal (there was almost no change of noise spectrum with soil conductivity when the coil 
was separated 1 cm from the soil surface).  
Figure 5-7: NQR noise spectrum for different values of soil conductivity, when the NQR probe 
is just above the soil surface. 
 
From the plots in the Figure 5-7, the 𝑄 factor of the coil was computed for each value of soil 
conductivity, using equation (3-5). The results are presented in Figure 5-8, and they show an 
approximately linear change of 𝑄 factor with soil conductivity, although the decrease of 𝑄 is 
more pronounced when the coil is on the soil surface. 
Figure 5-8: Q factor of NQR probe for different values of soil conductivity, at 0 cm and 1 cm 
from soil surface. 
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The same experiment was performed with a sample of 200 g of AN shallowly buried inside the 
same box, to see the effect of soil conductivity in NQR signal intensity. For this, a pulse sequence 
of SSFP was used to get NQR signal, with 15.000 pulses in the sequence (2,2 ms between pusles). 
The measurement was repeated 5 times and each time, peak spectrum intensity at NQR frequency 
was registered (using FFT). The experiment was also repeated for a separation of 1 cm between 
soil surface and the coil, and for a landmine depth of 1 cm. The results are shown in Figure 5-9. 
Figure 5-9: NQR signal from 200g of AN, for different values of soil conductivity, when the 
probe is placed at 0 cm and at 1 cm from soil surface. The figure also shows the minimum and 
maximum of each averaged set of measurements. 
 
The results in Figure 5-9 are consistent with Equation (3-7), which states that signal intensity is 
proportional to √𝑄. Also, from Figure 3-18, mutual inductance between the coil and the target 
substance decreases exponentially with increasing separation; that means that signal decays 
faster with increasing distance from the coil than with decreasing 𝑄  factor due to soil 
conductivity. When the landmine is shallowly buried, and soil conductivity is high 
(approximately above 2,5 mS/cm), higher signal intensity is achieved if coil is separated 1 cm 
from soil surface because at that distance the decrease of the 𝑄 factor is smaller than at the soil 
surface (as shown in Figure 5-8). But if the sample is buried deeper, higher signal is achieved 
when the coil is just at soil surface.  
Soil conductivity could be measured, or even quality factor of the probe can be measured, on site 
from the noise plot. But this information probably will not be very useful to define probe 
separation from soil surface to search for landmines, because in practice, it is not possible to 
know how deep the landmine would be (and AN will certainly not be at 0 cm from the coil), not 
even would always be possible to control coil separation from soil, as vegetation or other 
obstacles may be present. From Figure 5-9, the best practice would be to keep the coil as close 
as possible to the soil surface. Soil conductivity or 𝑄 factor measurement can be used to state the 
signal threshold to decide the presence of the target substance.  

























burial depth 0 cm, probe at 0 cm
burial depth 0 cm, probe at 1 cm
burial depth 1 cm, probe at 0 cm
burial depth 1 cm, probe at 1 cm
non buried sample (maximum signal intensity)
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5.4.2 Magnetic Susceptibly 
Materials may be classified by their response to externally applied magnetic fields as 
diamagnetic, paramagnetic, or ferromagnetic. These magnetic responses differ greatly in 
strength. Diamagnetism is a property of all materials and opposes applied magnetic fields, but is 
very weak. Paramagnetism is stronger than diamagnetism and produces magnetization in the 
direction of the applied field, and proportional to the applied field. Ferromagnetic effects are 
very large, producing magnetizations much larger than either diamagnetic or paramagnetic 
effects. 
Magnetic susceptibility (𝜒) is a dimensionless proportionality constant that indicates the degree 
of magnetization of a material in response to an applied magnetic field. It is defined as the 
magnitude of the magnetization of the material (𝑀) divided by the strength of the external field 
(𝐻) (equation (5-1)). 
𝜒 = 𝑀 𝐻⁄   (5-1) 
This ratio, strictly speaking, is a volume susceptibility, because magnetization essentially 
involves a certain measure of magnetism (dipole moment) per unit volume. Diamagnetic 
substances have negative susceptibility (𝜒 < 0); paramagnetic and ferromagnetic substances 
have positive susceptibilities (𝜒 > 0). 
Ferromagnetic materials like pure iron, nickel and cobalt do not occur in soils naturally, but they 
do as part of other minerals. The most common minerals that determine the magnetic properties 
of soils are magnetite, titano-magnetite and maghemite (Table 5-4). The first two usually are of 
lithogenic origin, i.e., they crystallized during cooling and solidification of magma and are part 
of many igneous rocks. Maghemite is formed during weathering and soil genesis by oxidation 
of magnetite or as a new mineral by crystallization of dissolved iron [63]. Due to their high 
susceptibility, even small amounts of ferromagnetic minerals substantially determine the 
magnetic behavior of soil [61].  Visual inspection of soil can lead to concluding about its 
magnetic susceptibility. Iron oxides in soil exert much influence on different soil properties, of 
which the most noticeable is reddish color, phenomenon known as Rubefaction (i.e. reddening 
due to pedogenic hematite formation) [64].   
Table 5-4. Magnetic susceptibility characteristics of some major ferro-magnetic minerals. 
Source: [64]. 
Mineral Composition Magnetic susceptibility (× 𝟏𝟎−𝟓𝑺𝑰) 
Magnetite 𝐹𝑒3𝑂4 200.000 – 570.000 
Maghemite 𝛾𝐹𝑒2𝑂3 140.000 – 220.000 
Ilmenite 𝐹𝑒𝑇𝑖𝑂3 900 – 100.000 
Pyrrhotite 𝐹𝑒1−𝑋𝑆 23.000 
Hematite 𝛼𝐹𝑒2𝑂3 100 – 900  
A ferromagnetic material close to the coil is magnetized in the direction of the applied magnetic 
field, reinforcing it. This way, ferromagnetic material can increase the coil inductance by 
increasing the magnetic field due to its higher magnetic permeability. Thus, if a ferromagnetic 
material is present at the proximity of the NQR coil, the high magnetic susceptibility of the 
material increases the inductance component of the NQR coil and this would shift the antenna 
resonance frequency to the low frequency side (see equation (3-2)).  
A first experiment was performed to see the effect of ferromagnetic minerals on the soil in the 𝑄 
factor of the coil. As in the previous experiment about soil conductivity, a box of 40 × 30 × 15 
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cm was filled with organic soil and the NQR probe was placed on the soil surface and noise 
spectrum was checked by averaging 50 acquisitions after FFT. The experiment was repeated 
after mixing the soil with some amount of Magnetite (𝐹𝑒3𝑂4), and for different separation 
between the coil and the soil. 
The noise spectrum after adding different amounts of magnetite are shown in Figure 5-10 for the 
case when the NQR probe was placed just above soil surface (0 cm separation). Figure 5-11 
shows the noise spectrum when the soil had 20 % of magnetite (in volume) for different 
separation between the coil and soil surface.  
Figure 5-10: NQR noise spectrum for different percent of Magnetite in the soil, when the NQR 
probe is laid on soil surface. 
 
Figure 5-11: NQR noise spectrum with 20 % of Magnetite in the soil, for different separation of 
NQR from soil surface. 
 
The results demonstrate a shift of about -500 Hz (equivalent to an increase of 0,15 𝜇H) for each 
added percent of magnetite. This influenced NQR signal from AN, as shown in Figure 5-12. 
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Results on Figure 5-12, were obtained placing a sample of 200 g of ammonium nitrate shallowly 
buried inside the box filled with organic soil and magnetite. The NQR probe coil was laid on soil 
surface and a SSFP sequence was used to get NQR signal, with 15.000 pulses in the sequence. 
The measurement was repeated 5 times and each time, peak spectrum intensity at NQR frequency 
was registered (using FFT). The signal intensity for 20 % of magnetite is not presented as it was 
not detected. 
Figure 5-12: NQR signal intensity from a sample of 200 g of AN shallowly buried in two soil 
conditions: with 0 % and with 10 % of magnetite in the soil. Noise level is also shown. 
 
Despite the detriment in signal intensity due to the shift on the resonance frequency of the NQR 
probe, it is possible to tune it back to a higher frequency by lowering its capacitance. This was 
done in a final experiment: the capacitance 𝐶𝑠2 (Figure 2-3) was decreased by 230 pF, and the 
noise spectrum was registered again at 0 cm from soil surface, with 20 % of magnetite. NQR 
signal was also obtained for the same condition, demonstrating that it was possible to get the 
same signal intensity as in the case of 0 % of magnetite in the soil when the coil is tuned again 
to the AN frequency. 
Thus, the detriment on NQR system sensitivity caused by magnetic susceptibility of soil can be 
alleviated by tuning again the NQR probe to the target frequency. A tuning step, consisting on 
checking the noise spectrum at soil proximity and adjusting capacitance at a rate of ~23 pF for 
each kHz frequency shift, can be performed before landmine detection. A capacitance switch can 
be constructed to ease this process.  
Local variations of magnetic susceptibility can be challenging as iron concentrations in soils 
range from 0.2% to 55%  and they can vary significantly, even within localized areas [65]. Thus, 
coil resonance frequency must bet checked periodically during landmine detection. 
5.4.3 Piezoelectric materials 
The RF pulses for sample excitation can generate spurious signals from piezoelectric materials, 
if they are present. This is a well-studied phenomenon in the literature of detection of NQR 
signals and there are stablished solutions which are efficient in rejecting piezoelectric signals. 
However, in many cases, the stablished solutions have a detriment in NQR signal intensity or in 
the total time required for detection.  
One proposed solution is the use of circularly polarized pulses and detection for NQR signals, 
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and repeat it twice, but changing the phase (in 180°) of the first pulse of the second sequence. 
That inverts the phase of the NQR signal but not that of the piezoelectric ringing, and by proper 
summation of the two scans, piezoelectric ringing could be reduced. However, in this case, the 
scans must be separated by intervals on the order of  𝑇1 , which for AN is 16 s. This will 
significantly increase the detection time and, after that time, the properties of the material that is 
ringing can change (due to RF heating), and piezoelectric ringing will not be completely 
suppressed. 
To cancel the ringing on a shorter time scale, a variant of SLSE have been proposed that 
periodically inserts an inverting pulse at the echo maximum to invert the phase of the NQR signal 
while leaving the piezoelectric ringing phase unchanged. These schemes can produce good 
ringing cancellation, however, each inversion results in a significant loss of NQR signal intensity, 
as it is explained in [66]. 
Considering that sensitivity is a main issue on landmine detection by NQR (and that for landmine 
detection, sensitivity is more important than false alarms), using phase alternated pulse sequences 
that cause a detriment in NQR signal intensity is not the best choice. Thus, this is the proposal 
for facing piezoelectric ringing: before starting to look for landmines, a detection-trial in various 
free-of-landmines places should be made, in proximity to the landmine field. If a signal is 
observed on most of the results at the expected NQR frequency, that could be an indication of 
piezoelectric ringing, and in that case, phase alternated pulse sequences, already proposed in the 
literature, should be used. The pulse width and time between pulses that were deduced in Chapter 
4 are also applicable for the phase-alternated sequences, however, SLSE sequence is required 
(because the phase alternating effect is caused by the first pulse in the sequence, also called 
preparatory pulse). If there is still a signal at the expected NQR frequency when using phase 
alternated pulse sequences, the problem could be near-field RFI instead of piezoelectric ringing. 
If in the initial trials with SSFP sequence no signal is observed, the SSFP sequence should be 
used. It is possible that NQR-like signals appear as false alarms at some locations where there 
are sources of piezoelectric ringing. In those cases, a phase alternated pulse sequence can be 
performed again at the same location to confirm the presence of a landmine. The rate of false 
alarms would depend on each particular soil, where quartz is the main source of piezoelectric 
ringing [58].  
It is reported in the literature that piezoelectric ringing is usually much higher than NQR signals.  
This was experimentally verified, by performing an SSFP experiment over a box filled with 
quartz sand without AN sample. As a result, a peak intensity spectrum at NQR expected 
frequency was observed, and it was 6 times the usual NQR signal intensity from 200 g of AN at 
0 cm. The intensity of piezoelectric ringing, however, would depend on the amount of quartz, 
but at any time, high peak spectrum signals can be a clear sign of something that is not a landmine. 
On such cases, it is recommended to repeat the measurement with a phase alternated pulse 
sequence.  
5.5 Temperature 
Temperature is an important factor affecting the performance of the NQR detection system for 
two reasons. First, three is a phase transition of AN at 32 °C, and from that temperature, the 
developed system will not detect AN. Second, NQR resonance frequency changes with 
temperature, and signal intensity is maximum if the excitation is made on resonance, which 
requires an exact estimation of AN temperature in the landmine. 
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For an FID experiment, a poor estimation of landmine temperature is not a big issue, because 
signal intensity will depend only on the 𝑄 factor of the probe and on temperature constant of AN 
frequency. For example, for the signal intensity after an FID sequence to decrease by half, since 
the 𝑄 factor of the coil is 78, a frequency shift of about 5,4 kHz is required, which in turn, given 
temperature constant of AN frequency (+91 Hz/°K), requires a bias on temperature estimation 
of about 59 °C. On the other side, for SSFP sequence, a poor estimation of landmine temperature 
is a big issue, as it depends on the frequency variations of the pulse sequence (see Figure 4-7). 
When the SSFP sequence is used, an offset of 300 Hz (i.e. 3 °K of temperature estimation error) 
would lead to a significant decrease (more than half) on NQR signal intensity. 
Soil temperature has periodic changes because solar radiation is cyclic, as shown in Figure 5-13 
[67]. Much of the heat travels down through the soil profile and is used to heat the soil as it goes, 
thus, less energy is available at depth and there is a reduction in the magnitude of the temperature 
cycles with increasing depth. Also, because it takes time for heat to travel into and out of the soil, 
there is a delay in the cycle that becomes more pronounced with increasing depth. Each of these 
characteristics may be observed in Figure 5-13. 
Figure 5-13: Variation of soil temperature with time for various depths.  At each succeeding 
depth the peak temperature is damped and shifted in time [67]. 
 
 
An expression for soil temperature variations with depth was developed in [67], and it depends 
mostly on average atmospheric temperature, soil texture and moisture (factors affecting thermal 
conductivity of soil). However, it should be considered that landmine influences the soil 
temperature, because it has different thermal properties.  
Temperature of buried landmines has been studied in the literature about thermal detection 
technologies, however, a generalized model of temperature of the buried landmine dependence 
on soil temperature over a diurnal cycle is not well-established in the literature. What is known 
is that the mine tends to resist the vertical conduction heat transfer through the soil because of 
its lower thermal conductivity as compared to the soil thermal conductivity. Therefore, at noon, 
the temperature of the soil over the mine becomes hotter than the surface beneath the mine, due 
to radiation. Over the period of 18 to 24 h, more heat is absorbed by the mine; and during the 
night, the mine tends to block the upward heat transfer by conduction through the soil and the 
area of the soil above the mine becomes cooler [68]. Figure 5-14 shows soil temperature around 
a landmine (25 cm diameter and 9 cm depth buried at 7 cm depth) at different times of the day. 
The figure is an illustration of the experimental results reported on [68]. 
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Although the results from Figure 5-14 cannot be generalized, as the temperature around the 
landmine depends on many factors like the thermal conductivity of the landmine, its length and 
depth, soil texture and moisture, and atmospheric conditions; some aspects can be deduced: first, 
there is a temperature gradient from the bottom to the top of the mine, thus it is logical to assume 
that there is a temperature gradient inside the landmine itself (whose magnitude depends on the 
factors mentioned above), but landmine mean temperature will probably be that of the soil at the 
middle of the mine; two, the worse condition in terms of temperature gradient will be for long 
shallowly buried landmines; and third, worst time for landmine detection will be around noon 
(and it will be even worse if soil surface is exposed to direct sunlight, as the top of the mine will 
get hotter than the bottom).  
Figure 5-14: Variation of soil temperature around landmine location at different times of the 
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It seems very hard to have an accurate estimation of landmine temperature as landmine properties 
are not known beforehand. The proposal here is to measure soil temperature on the field, in a 
safe location, at some expected target depth. As the equipment range is about 3 cm depth, that is 
the depth from which temperature should be recorded. It is expected that this could provide the 
required ±3 °C of precision, however, there is not a guarantee. Soil temperature varies also 
horizontally because of differences in surface shading and soil moisture or distance from buried 
heat sources. In most severe conditions, horizontal gradients in soil surface can exceed 1°C/cm.  
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5.6 Soil of affected areas in Antioquia 
From [6], the municipalities of Antioquia with more victims from landmines are (in order) 
Ituango, San Carlos, Tarazá, Anorí, San Francisco, Dabeiba, San Luis, Valdivia, Sonsón and 
Argelia. The Geographic Institute Agustín Codazzi carried out a study of the soils of Antioquia 
in 1979, on a scale of 1:100.000, which corresponds to a general survey [69]. On its report, 
information is not given by municipalities but by groups, and the same municipality is included 
in more than one group because groups are segregated by properties like height above sea level, 
distance from rivers, among others. It makes difficult to know the specific characteristics of each 
landmine affected location. Also, the report does not have information about percentage of quartz 
in the soil, or content of iron oxides, as it is desired for analyzing the drawbacks for landmine 
detection by NQR. The mentioned properties that may concern to this work (and they apply for 
most of the groups on the report) are that soils are “well-drained”, and that “in the sand fraction, 
quartz is the dominant mineral” (but this does not mean that there is a high percent of quartz). 
Soil textures are varied, including fine and thick grain or a mixture of both in many cases. 
Because of a lack of information of the mine affected areas and the impossibility of making 
measurements in situ, it is not feasible to predict the performance of the equipment on the most 
affected municipalities.  
Another consideration is the expected RFI around 423,5 kHz. From the national table of 
frequency allocations [70], the band from 415 to 495 kHz is given to marine and aeronautical 
radio navigation, thus, high RFI from those sources it is not expected on the field. Other nearby 
electrical equipment or electric transmission lines could affect the equipment, by they would 
vary from place to place. 
A final consideration is temperature, because the equipment is limited to the stability of phase 
IV of AN, which changes at 32 °C. Table 5-5 shows the temperature of the municipalities of 
Antioquia most affected by landmines [6]. From the table, Tarazá and Dabeiba could be 
problematic as their maximum temperature is above 32°C. However, in any location, soil 
temperature should be checked, and the detection task should be avoided when soil surface is 
exposed to direct sunlight. It should also be avoided the time around noon for landmine detection. 
 
Table 5-5. Temperature of the municipalities of Antioquia with the higher number of victims 
from landmines. Source: climate-data.org. 
Municipality 
Temperature [°C] 
Mean Minimum Maximum 
Ituango 21  13,8 26,1 
San Carlos 23  17,9 28,9 
Tarazá 28  22,1 33,8 
Anorí 21  12,5 25,9 
San Francisco 23  16,7 27,8 
Dabeiba 26  20,0 32,1 
San Luis 24  17,5 28,6 
Valdivia 21  16,1 28,1 
Sonsón 14  10,5 18,2 
Argelia 20  13,9 23,6 
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5.7 Chapter conclusion 
From the results of this chapter, conductivity of soil is a main detrimental factor for NQR signal 
intensity as the resulting loading effect leads to a decrease in system sensitivity. Main source of 
soil conductivity is soil moisture, which varies with atmospheric conditions. Although it was 
shown that by separating the coil from soil surface the effect of conductivity could be alleviated, 
the best practice is to keep the coil as close as possible to the soil surface. Raining days and wet 
soils should be avoided, it possible. Shape of landmine enclosure also affects NQR signal 
intensity, however, landmine shape is unknown beforehand. 
Magnetic susceptibility of soil is not as detrimental as soil conductivity, as it just lowers the 
probe resonance frequency, which could be tuned again by lowering the probe capacitance. It is 
recommended to periodically assess soil properties via their resistive loading effect on the NQR 
probe. This could be easily determined by measuring coil 𝑄 factor at proximity to the soil surface. 
This also allows to check the resonance frequency of the probe, which should be tuned back to 
the target resonance frequency by lowering capacitance if needed, and in case of decreased 𝑄 
factor, caused by high conductivity of soil, the threshold for landmine detection could be lowered. 
To deal with intensity variations, soil temperature must be periodically checked and the pulse 
frequency must be adjusted accordingly. To deal with piezoelectric ringing high intensity signals 
at any time should be considered suspicious and phase alternated pulse sequences must be used 
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6. Pattern recognition system for landmine 
detection 
The idea on this Chapter is to introduce the proposed features for discriminating between NQR 
signals from AN and signals produced by other sources like RFI not filtered by the coil, random 
noise or piezoelectric ringing. Also, having the proposed features, some classifiers are considered, 
trained and compared for selecting the one having the best performance. Finally, two hypotheses 
are tested, to conclude if the classifier performs better than random guessing about the presence 
of AN signal, and to test if the proposed classifier performs better than the classical solution 
found in the literature of landmine detection by NQR, that consists on comparing the intensity 
of the signal spectrum with a threshold. 
The aim of proposing more features is the hypothesis that the solution based on comparing the 
intensity of the signal spectrum with a threshold will not perform very well if the NQR signal is 
low, which is expected from small landmines, or from mines that are deep, or when soil 
conductivity is high. On those cases, the threshold should be lowered to detect the small NQR 
signals, opening the opportunity to signals from non-filtered RFI to cause false alarms. If more 
features are added to describe the NQR signal instead of just its intensity, they can help to solve 
the alarms. 
6.1 Proposed features 
The proposed features for discriminating NQR signals (from AN) are based on spectral 
descriptors, as they have been successfully employed in analysis of spectral data from 
spectroscopic techniques in chemistry [71]. The term "spectral descriptor" is a general term 
designating the specification of an independent variable that may consist of something as simple 
as unprocessed intensities at a particular frequency, or some other parameter derived from several 
(if not all) intensities of a spectrum [71]. They provide the benefit of incorporating spectroscopic 
knowledge about the substance and the technology. The proposed spectral descriptors are: 
𝐶1: spectrum magnitude at reference frequency. The reference frequency is the probable AN 
resonance frequency (depending on the temperature), and this features is expected be high if AN 
is present. Although the intensity at the signal peak is included in other descriptor, a peak could 
be absent if other signals at different frequencies are too wide, as shown in Figure 6-1 (right). 
𝐶2: sum of spectrum intensities between 422,5 and 423,8 kHz. This is the range where AN 
signal is expected. 
𝐶3: sum of spectrum intensities in the range from 420 to 426,3 kHz. This feature is related to 
the previous one, but 2,5 kHz are added to the right and to the left of the expected range to 
account for the whole shape of the signal and not just for the peak. 
𝐶4: frequency of the highest peak in the range from 400 to 450 kHz. A peak is defined as a 
point where intensity value is greater than the immediate left and right frequency neighbors. It 
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would be likely, in many acquired signals from AN, that this feature will be equal to the expected 
resonance frequency of AN, or very close to it (although sources of strong RFI can make this to 
be different). In the case where signal comes just from noise and RFI, this feature is expected to 
have higher variability.  
𝐶5: frequency of the peak closer to the reference frequency. There could be changes in the 
peak of the spectrum due to differences in temperature estimation, however, in the case of a NQR 
signal, this feature should range from 422,5 to 423,8 kHz  
𝐶6: spectrum intensity at frequency 𝐶5. This is used to compute the next two features, to 
account for the shape of the NQR signal. 𝐶6 would be a reference point for the next two features, 
which express the configuration of the signal shape relative to 𝐶6 (see Figure 6-1, left). 
𝐶7: spectrum intensity 1,5 kHz to the left of frequency 𝑪𝟓, divided by 𝑪𝟔. As stated above, 
this descriptor is used to account for the shape of the spectral signal (Figure 6-1). However, given 
the spectral resolution of the system, this information is more related to the system than to the 
NQR signal itself. 
𝐶8: spectrum intensity 1,5 kHz to the right of frequency 𝑪𝟓, divided by 𝑪𝟔. Idem.  
The next three descriptors are given to relate the descriptors based on signal intensity, to the 
average intensity at other frequencies of the spectrum.  
𝐶9: 𝑪𝟏 𝑺𝒓𝒆𝒇⁄  
𝐶10: 𝑪𝟐 𝑺𝒓𝒆𝒇⁄  
𝐶11: 𝑪𝟑 𝑺𝒓𝒆𝒇⁄  
where 𝑆𝑟𝑒𝑓 is the average of spectrum intensity on the ranges from 400 to 420 kHz, and from 
426,5 to 450 kHz.   
Figure 6-1: A high NQR signal shape of AN in the frequency domain is shown on the left, 
showing the proposed spectral descriptors 𝑪𝟓 - 𝑪𝟖. On the right, an illustration of another signal 
that conceals the shape of the NQR signal, justifying the descriptor 𝑪𝟏. 
   
It is known that the proposed features give redundant information, and depending on the 
circumstances, some of them could be equal. To account for this, the use of principal component 
analysis (PCA) and linear discriminant analysis (LDA) will be considered when training the 
classifiers and the alternative that gives better performance will be selected.  
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6.2 Data collection and feature extraction 
A dataset was formed with 222 data samples. 22 of them were selected from previous 
experiments where SSFP sequence was employed and 200 more data were collected in a rural 
area in Girardota, a municipality of Antioquia. On the place, ammonium nitrate on 5 different 
enclosures were buried and samples were excited with the SSFP sequence, using the parameters 
on Table 4-1. For each enclosure, 20 data were collected, varying the position of the coil over 
the target, as shown in Figure 6-2 (at each position, two data samples were collected). The depth 
of the sample was not varied. The characteristics of the enclosures are shown in next chapter 
(Table 7-1). From the Table 7-1, only targets M1 to M4 were used. The other target not shown 
on the table was a plastic bottle of 6 cm diameter and 11 cm high, with 190 g of AN. From a 
visual inspection of the spectrum of the data samples, some of them were discarded, as there was 
doubt about the presence of the NQR signal. Those discarded, were repeated, placing the target 
under the center of one of the halves of the coil. In total, 25 measurements were repeated. 
Figure 6-2: Approximated positions of the center of the sample when the coil was placed over 
it. The positions are approximated. 
 
For each data acquired with AN, another data was collected without sample on different locations, 
with the same pulsing parameters. In all the cases, the coil was lead over the soil surface.  
The data was processed in Matlab for feature extraction. In this case, FFT was applied to the 
time domain data, and the spectrum data on the range between 400 and 450 kHz was taken. This 
spectrum range consisted of 240 data points, as the FFT was made with 4096 points and the 
sampling frequency was 846 kHz. A program was written in Matlab to extract the features from 
each sample, and they were stored in a Matrix having 222 rows (one for each data sample) and 
12 columns (one for each feature plus another one marking with 1 the samples that had AN signal, 
and with 0 the samples that did not have AN).  
6.3 Proposed Classifiers, training and selection 
The task of detecting landmines is considered here as a binary classification problem. The class 
of data samples that have NQR signal from AN is called the “mine” class, and the class of the 
samples without signal from AN is called the “other” class. The task of a classifier is to tell 
whether a given sample belongs to the “mine” class or to the “other” class. 
There are two kinds of classification problems: supervised and unsupervised, this work is focused 
on the supervised problem. In supervised classification, a classifier is built given a training set 
of samples and their classes (labels). This training samples are used to build the classifier, and 
the strategy depends on the type of the classifier. Some are trained iteratively, starting with some 
random parameters that are corrected after various iterations, using some optimization strategy.  
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6.3.1 Proposed classifiers 
Different classifiers will be tested to select one that will be compared to the classical approach 
from the literature. Here is a brief description of them. The reference [72] is suggested for more 
detail about each one. 
Naïve Bayes: This is a simple probabilistic classifier based on applying Bayes' theorem with 
strong (naive) independence assumptions between the features. The training data set is used to 
estimate the parameters of the probability functions of the two classes. A new sample is assigned 
to the class having higher probability, according to the Bayes rule.  
The output of the classifier can be set as the probability that a data sample belongs to the “mine” 
class, divided by the probability of belonging to the “other” class, thus, a high output will favor 
the classification in the “mine” class. 
k-nearest neighbor (k-NN): given a new data sample, its k nearest neighbors from the stored 
training dataset are found. Then, the sample is assigned to the class most common among its k 
nearest neighbors. If k = 1, then the sample is simply assigned to the class of its nearest neighbor.  
Support vector machine (SVM): This classifier assumes that there exists a mapping from the 
input feature space into a k-dimensional space, where the classes can satisfactorily be separated 
by a hyperplane. Support Vectors are the samples closest to the separating hyperplane and the 
aim of Support Vector Machines (SVM) is to orientate this hyperplane in such a way as to be as 
far as possible from the closest members of both classes. Initially, an appropriate type of function 
(kernel) should be decided which defines a mapping of the features into a higher dimensional 
space. Then, the parameters of the function are adjusted iteratively. 
Artificial Neural Network: This is a classifier inspired on the brain. It is composed of highly 
interconnected processing elements (neurons). The output of each neuron is the sign function of 
the weighted sum of its inputs. The neurons of the hidden layer (see Figure 6-3) perform 
computations of the first phase and the single neuron of the output layer performs the 
computations of the final phase and gives the output (the higher the output, the higher the vote 
in favor of membership to the “mine” class). The input layer corresponds to the (non-processing) 
nodes where input data are applied. Thus, the number of input layer nodes equals the dimension 
of the input space (the number of features plus a constant). 
When being trained, each data sample of the training set is presented to the neural network. At 
the beginning, each neuron assigns random weights to its inputs. With those weights, the output 
of the network is computed and compared to the desired output (1 for the “mine” class and 0 for 
the “other” class). Then, an optimization function is defined to correct the weights of each neuron, 
and the samples are presented again to the net. Each iteration is named an “epoch”. The process 
stops when the error has reached a limit or when the number of iterations reaches a predefined 
number.  
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Ensemble of classifiers: An ensemble of classifiers is a set of classifiers whose individual 
decisions are combined in some way (typically by weighted or unweighted voting) to classify 
new data samples. The aim is that ensembles are often much more accurate than the individual 
classifiers that make them up, provided that the individual members are accurate (their error rate 
is better than random guessing) and diverse (they make different errors on new data). 
Usually, the classifiers that are chosen for making up the ensemble are a class of nonlinear 
classifiers known as decision trees (although others, like neural networks, are used sometimes). 
Decision trees are systems that split the feature space into regions, corresponding to the classes, 
in a sequential manner. Upon the arrival of a feature vector (a data sample), the searching of the 
region to which the sample will be assigned is achieved via a sequence of decisions along a path 
of nodes of an appropriately constructed tree.  
There are many strategies for assembling classifiers. A common one is Bagging, a method that 
trains each classifier on a random redistribution of the training set. Bagging resamples the 
training set with replacement, thus some instances are represented multiple times while others 
are left out. Each classifier may result in higher classification error; but when combined, these 
classifiers often produce lower error than that of the single classifiers (thanks to the diversity 
among these classifiers). Other common strategy is Adaboost. Unlike Bagging, Adaboost varies 
the probability of selecting a training sample depending on how often that example was 
misclassified by the previous classifiers. Assembling classifiers is a known strategy to seek for 
generalization (ability of a classifier to correctly classify new data). 
6.3.2 Receiver operating characteristics (ROC) 
A ROC curve is a two-dimensional plot which represents true positive rate (probability of 
detection) vs false alarm rate. It allows to assesses and compare the performance of classifiers. 
To construct a ROC curve of the proposed classifiers, it is assumed that the output of each 
classifier (giving a data sample) is a numeric value 𝑥 that can be compared with a threshold (𝑢) 
to assign a class to the given sample. It is also assumed that higher values of the output are in 
favor of the “mine” class, while the lower ones are in favor of the “other” class. This is indeed 
what happens with all the proposed classifiers, except for the k-NN classifier. To make the ROC 
curve for the k-NN classifier, a score is defined as the proportion of the k neighbors that belong 
to the “mine” class, and the threshold needed to classify a test instance in the “mine” class is the 
number of neighbors varied from 1 to k  [73]. 
To construct a ROC curve, a set of samples are presented to the trained classifier and the given 
scores (the outputs of the classifier) are stored, in ascending order, in a vector of thresholds (𝑢). 
Then, each of the outputs of the classifier is compared with the first value in the threshold list 
(𝑢1), to assign a class, using the next rule: 
if  𝑥 ≥ 𝑢1,   class = 1 (“mine”) 
else,   class = 0 (“other”) 
There are four possible outputs for the classification. If the sample was from the “mine” class 
and it was classified as such, then it is denoted as a “true positive” (TP). If the classifier made a 
mistake and classified the sample as other, it is called a “false negative” (FN). Similarly, if the 
sample was from the “other” class and it was classified as such, it is a “true negative” (TN) and 
in the case of a misclassification, it is a “false positive” (FP). 
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The objective is to compute the total amount of TP and FP for the threshold 𝑢1. The probability 
of detection, PD, (although calling it “true positive rate” is more accurate) is computed as the 
total number of “true positives”, divided by the total number of samples from the “mine” group; 
and the false alarm rate (FAR) is computed as the total number of “false positives” divided by 
the total samples from the “other” group. This pair of PD and FAR constitutes a point in the ROC 
curve. By repeating the process with all the thresholds on the list, the ROC curve can be plotted. 
Although the performance of a classifier can be assessed by observing the ROC curve, a good 
measure in just one number is the area under the curve. This parameter corresponds to the 
probability of correctly identifying whether a sample belongs to the “mine” or to the “other” 
class” [74].  
6.3.3 Training and selection of classifiers 
For training the classifiers, the 222 samples on the data set were split in two groups, a training 
data set (𝑇𝑡𝑟) having 100 samples, and a test data set (𝑇𝑡𝑠) having 122 samples, both sets having 
50 % data belonging to the “mine” class, and 50 % data belonging to the “other” class. The 𝑇𝑡𝑠 
set is not used in any moment for training the classifiers. The number of samples on the test data 
set (122) was given by the required sample size to have significant statistical results when 
comparing the classifier with the classical solution. Calculation of sample size is explained in 
sections 6.4.2 and 6.5.1. 
The proposed classifiers were trained and tested in Matlab, using the Statistics and Machine 
Learning toolbox. They were trained with cross validation, following these steps: 
1. The 100 samples in the training data set (𝑇𝑡𝑟) were partitioned in 5 different, equal-
size test subsets (𝑆1 … 𝑆5), each having 20 samples.  
2. For each test subset 𝑆𝑖, a training subset 𝑇𝑖 was formed with the left 80 samples on the 
total set (𝑇𝑖 = 𝑇𝑡𝑟 − 𝑆𝑖) 
3. Each classifier was trained with 𝑇𝑖 
4. Each classifier was tested with 𝑆𝑖, computing the area under the ROC curve (𝐴𝑈𝐶𝑖). 
5. The five results for each classifier were averaged (𝐴𝑈𝐶𝑚 = (∑ 𝐴𝑈𝐶𝑖
5
𝑖=1 ) 5⁄ ) 
The steps 1-5 were repeated after varying different parameters of the classifiers, like the 
distribution to model the data in the Naïve Bayes classifier (kernel or Gaussian), the number of 
neighbors in the k-NN classifier (varied from 1 to 10) the number of hidden neurons for the 
neural network (varied from 1 to 10), the type of kernel function for SVM (Gaussian, linear or 
polynomial), the estrategy of assemble (Bagging, Adaboost) and the number of the classifiers on 
the ensemble of classifiers (varied from 10 to 100, with increment of five). The same process 
was done with the same data samples but after applying PCA and LDA (the 5 most significant 
features were selected from both). 
The parameters that gave the highest average area under the ROC curve (𝐴𝑈𝐶𝑚) for each 
classifier were chosen, and they are presented in Table 6-1. With the parameters on Table 6-1, 
the classifiers were trained again, using the 100 samples on the training set (𝑇𝑡𝑟), and they were 
tested with the 122 data on the 𝑇𝑡𝑠 set. The ROC curves for both the training and test data sets 
are shown in Figure 6-4. 
From visual comparison of the ROC curves, the 2-layer neural network and the ensemble of 
classifiers are the ones that had better performance, and from the two, the ensemble classifier 
performs even better.  
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Table 6-1. Parameters of the trained classifiers. 
Classifier Parameters 
Naïve Bayes 
Gaussian probability function for each class. 
Better performance was obtained using all the features. 
k-nearest neighbors 
(k-NN) 
Number of neighbors (k) = 7 
Better performance was obtained using the five most significate 
features after PCA. 
Support vector machine 
(SVM) 
Polynomial kernel function. 
Better performance was obtained using all the features. 
2-layer neural network 
5 neurons in the hidden layer. 
Better performance was obtained using all the features. 
Ensemble of classifiers 
Method of assembly: Bagging. 
Ensemble of 20 decision trees. 
Better performance was obtained using all the features. 
 
Figure 6-4: ROC curves of the proposed classifiers obtained with the training data set and with 
the test data set.   
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It is important to point out that this was not an optimization procedure and that the results were 
affected by chance because when training the classifiers, they were initialized with random 
parameters that could have benefited some of them. However, the aim here was not to 
demonstrate which is the best possible classifier, but to construct a good classifier in the sense 
that it is capable of discriminating samples with NQR signals from AN, using the information 
encoded in the proposed features. It is also intended to compare the proposed solution with the 
classical solution in the literature. Both factors are addressed on subsequent sections. 
6.3.4 Classical solution 
The classical solution for deciding whether there is a NQR signal from the target substance in a 
data sample consists on comparing the spectrum intensity with a predefined threshold. However, 
the spectrum variable that is used for comparison is not clearly specified in the literature, it is 
called just “signal intensity” in [14], [15] and [16], and “sum over the measurement interval” in 
[17]. Due to this ambiguity, the ROC curves of the decisions based on the features 𝐶1, 𝐶2,  𝐶3 
and 𝐶6 (related to signal intensity) were constructed in Matlab and the one showing the best 
performance was chosen. The selected one was the sum of intensities in the range between 422,5 
and 423,8 kHz (𝐶2). Its ROC curve is shown in Figure 6-5. Although the ROC curves for the 
training data set and the test data set are shown separately, they lost the “training” and “test” 
meanings as no classifier was trained to learn from the samples. The ROC curves were 
constructed just by comparing 𝐶2 with different thresholds to take the decision. 
Figure 6-5: ROC curves of the classical solution based in the sum of spectrum intensities 
between 422,5 and 423,8 kHz, obtained with the training data set and with the test data set.   
 
 
6.4 Evaluation of the classical solution and of the selected 
classifier 
The evaluation of the classifiers is performed by the area under the ROC curves. The ROC curve 
of each classifier is constructed using only the test data set, which sum up 122 observations. This 
is done to exclude the samples used for training the ensemble of classifiers, and to test both 
algorithms with the same data.  
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6.4.1 Evaluation by the Area under the ROC curve (AUC) 
This parameter corresponds to the probability of correctly identifying the class of a new sample. 
This value can be interpreted as follows [74]: 
 The average value of sensitivity for all possible values of specificity. 
 The average value of specificity for all possible values of sensitivity. 
 The probability that a randomly selected observation from the “mine” class has a 
classifier score indicating greater suspicion than that for a randomly chosen observation 
from the “other” class. 
If a classifier cannot distinguish between the two classes, the 𝐴𝑈𝐶 will be equal to 0,5 (the ROC 
curve will coincide with the diagonal). When there is a perfect separation of the values of the 
two groups, the 𝐴𝑈𝐶 equals 1 (the ROC curve will reach the upper left corner of the plot). 
To compute the 𝐴𝑈𝐶 and give confidence intervals for the estimation, the methodology proposed 
in [74] is followed, which shows a relationship between the ROC curve, the probability of a 
correct classification, and the Wilcoxon statistic.  
As it was stated before (section 6.3.2), it is assumed that the output of the classifiers, represented 
by 𝑥, is high when the favoring decision is to classify the sample in the “mine” class, and is low 
when the favoring decision is to classify the sample in the “other” class. This applies for both 
the proposed ensemble of classifiers and the classical method. From [74], assuming an infinite 
number of samples rather than only a finite number of category ratings from a classifier, the 
“true” 𝐴𝑈𝐶 and the probability of a correct classification are equal, as stated in equation. 
𝐴𝑈𝐶 = 𝑃𝑟𝑜𝑏(𝑥𝑚𝑖𝑛𝑒 > 𝑥𝑜𝑡ℎ𝑒𝑟)  (6-1) 
Where 𝑥𝑚𝑖𝑛𝑒 is the output of the classifier for a sample from the “mine” group and 𝑥𝑜𝑡ℎ𝑒𝑟 is the 
output for a sample belonging to the “other” group. 
The Wilcoxon statistic (or Mann-Whitney statistical test), 𝑊, is usually computed to test whether 
the levels of some quantitative variable 𝑥 in one population (e.g. “mine”) tend to be greater than 
in a second population (e.g. “other”), without actually assuming how the 𝑥’s are distributed in 
the two populations. The null hypothesis is that 𝑥 is not a useful discriminator, i.e., that an 𝑥 
value from an individual from the “mine” class, 𝑥𝑚𝑖𝑛𝑒 , is just as likely to be smaller than an 𝑥 
value from an individual from the “other” class, 𝑥𝑜𝑡ℎ𝑒𝑟, (𝑃𝑟𝑜𝑏(𝑥𝑚𝑖n𝑒 > 𝑥𝑜𝑡ℎ𝑒𝑟) = 0,5). With a 
sample of size 𝑛𝑚𝑖𝑛𝑒 from the “mine” group, and 𝑛𝑜𝑡ℎ𝑒𝑟 from the “other” group, the procedure 
consists of making all 𝑛𝑚𝑖𝑛𝑒 ∙ 𝑛𝑜𝑡ℎ𝑒𝑟 possible comparisons between the 𝑛𝑚𝑖𝑛𝑒 sample 𝑥𝑚i𝑛𝑒’s 
and the 𝑛𝑜𝑡ℎ𝑒𝑟 sample 𝑥𝑜𝑡ℎ𝑒𝑟’s, scoring each comparison according to the rule given in Equation 
(6-2), and averaging the 𝑆’s over the 𝑛𝑚𝑖𝑛𝑒 ∙ 𝑛𝑜𝑡ℎ𝑒𝑟 comparisons, as in equation (6-3). 
𝑆(𝑥𝑚𝑖𝑛𝑒 , 𝑥𝑜𝑡ℎ𝑒𝑟) = {
1        if 𝑥𝑚𝑖𝑛𝑒 > 𝑥𝑜𝑡ℎ𝑒𝑟      
1 2  ⁄  if 𝑥𝑚𝑖𝑛𝑒 = 𝑥𝑜𝑡ℎ𝑒𝑟      















The quantity 𝑊 can be thought of as an estimate of the “true” area under the curve (𝐴𝑈𝐶), i.e., 
the area one would obtain with an infinite sample and a continuous rating scale (equation (6-4)). 
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𝑊 = 𝐴𝑈?̂?  (6-4) 
where  𝐴𝑈?̂? is the estimation of the “true” 𝐴𝑈𝐶 . Its standard error, 𝑆𝐸𝑊, is given by equation 
(6-5). 
𝑆𝐸𝑊 = √
𝑃(1 − 𝑃) + (𝑛𝑚𝑖𝑛𝑒 − 1)(Υ1 − 𝑃







Υ1 = 𝑃𝑟𝑜𝑏(two randomly chosen observations from “mine” class will both be ranked with 
greater suspicion than a randomly chosen observation from the “other” class). 
Υ2 = 𝑃𝑟𝑜𝑏(one randomly chosen observation from the “mine” class will be ranked with greater 
suspicion than two randomly chosen observations from the “other” class). 
Assuming exponential distributions for Υ1 and Υ2  (as from [74], this is a conservative 










The next objective is to compute a 100(1 – α) % confidence interval for 𝐴𝑈?̂?, where 𝛼 is the 
level of significance. Here, the level 0,05 is chosen (a commonly used value). 
From [74], 𝑊 is not entirely symmetric, but skewed towards 𝑊 = 0,5. This skewness is more 
marked as the “true” 𝑊 approaches 1, and as the expected number of “misclassified pairs” 
𝑚(1 −  𝑊) falls below 5 (where 𝑚 is the number of sample pairs); this is identical to what 
occurs with the binomial distribution [75]. From the above, the 95 % confidence interval for each 
𝐴𝑈𝐶 will be assessed from the confidence limits for binomial sampling. 
𝑊 will be used to test the (null) hypothesis that the variable 𝑥 cannot be used to discriminate 
between the “mine” class and the “other” class (i.e., that 𝐴𝑈𝐶 = 0,5): 
𝐻0: 𝐴𝑈𝐶 = 0,5 
𝐻1: 𝐴𝑈𝐶 > 0,5 
As the Wilcoxon statistics approaches the normal distribution as sample size increases, [74] 








Where 𝑊0 = 0,5 (null hypothesis value). An α –level test rejects 𝐻0 when 𝑧 exceeds 1,645, the 
1 − 𝛼 quantile of the standard normal distribution. According to [75], a z-test for normal 
distribution should not be applied if  𝑚𝑊 or 𝑚(1 −  𝑊) fall below 5. In that case, 𝐻0 should be 
accepted at level α if the value 0,5 lies within the 100(1 – α)% confidence interval of the 
estimated 𝐴𝑈𝐶, and should be rejected otherwise ([75] cites several authors who demonstrate 
the duality between hypothesis tests and confidence intervals). On the contrary, 𝐻1  will be 
accepted if 0,5 falls below the 100(1 – α)% confidence interval of the estimated 𝐴𝑈𝐶.  
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For computing all the results, the software MedCalc (MedCalc Software, Mariakerke, Belgium) 
was used. It is a statistical package that offers nonparametric ROC analysis. It computes 
𝐴𝑈𝐶 ̂ and confidence intervals, employing the methodology from [74], as it was explained here. 
6.4.2 Sample size 
From [75], the normal approximation to the binomial distribution can be used to compute the 










where 𝛼 is the level of significance of the test (risk of rejecting a true 𝐻0), 1 − 𝛽 is the power of 
the test (𝛽 is the risk of accepting a false 𝐻0). 𝐴𝑈?̂? is an initial guess of the area under the ROC 
curve and 𝑆𝐸 its standard error. 
The software MedCalc computes the number of trials, 𝑛𝑚𝑖𝑛𝑒 , 𝑛𝑜𝑡ℎ𝑒𝑟, using equations (6-5), (6-6) 
and (6-8), for given values of 𝐴𝑈?̂?, 𝛼 and 𝛽. To make an initial estimate for the area under the 
ROC curves, the 𝐴𝑈𝐶 for the training set of the classical solution (Figure 6-5), and the smallest 
𝐴𝑈𝐶 for the ensemble of decision trees during cross-validation (with the training set) were taken, 
computed by trapezoidal rule. They were 0,88 for the classifier based on spectrum intensity, and 
0,97 for the ensemble of classifiers. Selecting the smaller one (0,88), the software MedCalc gave 
the sample size for varying values of 𝛼 and 𝛽, which are shown in Table 6-2. 
Table 6-2. Estimated sample size (𝑛𝑚𝑖𝑛𝑒 + 𝑛𝑜𝑡ℎ𝑒𝑟) for testing the null hypothesis about the 
𝐴𝑈𝐶 of the proposed classifiers. 
 𝜶 
0,2 0,1 0,05 0,01 
𝜷 
0,2 4 + 4 6 + 6 8 + 8 11 + 11 
0,1 5 + 5 7 + 7 9 + 9 13 + 13 
0,05 6 + 6 9 + 9 11 + 11 15 + 15 
0,01 9 + 9 11 + 11 14 + 14 19 + 19 
Values of 𝛼 = 0,05 and and 𝛽 = 0,1 are common choices and are selected for the sample size. 
Thus, from Table 6-2, a total of 18 samples (9 from each class) are required for the test. However, 
concerning the sample size, it has been suggested in [76] that meaningful qualitative conclusions 
can be drawn from ROC experiments performed with a total of about 100 observations; requiring 
a minimum of 50 cases in each class for one case to represent more than 2% of the observations 
[76]. Also, a larger sample size is needed to compare the two 𝐴𝑈𝐶 from both classifiers, as it is 
explained in section 6.5.1. Thus, for the test, 122 samples were used. 
6.4.3 Results of the individual evaluations 
The  𝐴𝑈𝐶 and confidence intervals for the ensemble of decision trees and for the classical 
approach are presented on Table 6-3. From the results, the null hypothesis (𝐴𝑈𝐶 = 0,5) is rejected 
for both classifiers as the value 0,5 lays outside the 95 % confidence intervals of the estimated 
𝐴𝑈𝐶s, supporting the hypothesis that both classifiers are capable of distinguishing between the 
two classes. The result of the z-test, although computed by the software, is not appropriated for 
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analyzing the results of the ensemble of decision trees, as (1 − 0,997) ∗ 61 < 5 . For the 
classical solution, z is a valid statistic and supports the rejection of the null hypothesis.   
Table 6-3. Results of the statistical analysis for the area under the ROC curve of the Ensemble 
of decision trees and the solution based on the sum of spectrum intensities. 
Method Ensemble of 
decision trees 
Sum of spectrum intensities between 
422,5 and 423,8 kHz 
Sample size 122 122 
Area under the ROC curve 0,997 0,914 
Standard Error 0,00345 0,0304 
95 % confidence interval (0,964  −  1) (0,849   −   0,957) 
z-test 7,763 6,467 
Significance level P <0,0001 <0,0001 
6.5 Comparison of the solutions 
A comparison between two ROC curves is usually made by assessing the statistical significance 
of the difference between two 𝐴𝑈𝐶s, using a 𝑧-test, as described in [77]. In [77], an approach is 
followed to account for the correlation between the 𝐴𝑈𝐶s (while the two 𝐴𝑈𝐶s may fluctuate 
independently in separated samples, they will tend to fluctuate in tandem when derived from the 
same sample). The approach for assessing whether the difference in the areas under two ROC 
curves derived from the same set of observations is random or real consists on computing the 
standard error of the difference of the two areas, using equation (6-9) 
𝑆𝐸(𝐴𝑈𝐶𝑏𝑎𝑔 − 𝐴𝑈𝐶𝑖𝑛𝑡) = √𝑆𝐸𝑏𝑎𝑔
2 + 𝑆𝐸𝑖𝑛𝑡
2 − 2𝑟𝑆𝐸𝑏𝑎𝑔𝑆𝐸𝑖𝑛𝑡 
 
(6-9) 
Where 𝐴𝑈𝐶𝑏𝑎𝑔 and 𝑆𝐸𝑏𝑎𝑔 refer to the estimated 𝐴𝑈𝐶 associated with the ensemble of decision 
trees and its estimated standard error, and 𝐴𝑈𝐶𝑖𝑛𝑡 and 𝑆𝐸𝑖𝑛𝑡  refer to corresponding quantities for 
the classifier based on signal spectrum. 𝑟  represents the estimated correlation between 
𝐴𝑈𝐶𝑏𝑎𝑔 and 𝐴𝑈𝐶𝑖𝑛𝑡.   
To compute 𝑟, two intermediate correlation coefficients are required, which are converted into a 
correlation between 𝐴𝑈𝐶𝑏𝑎𝑔 and 𝐴𝑈𝐶𝑖𝑛𝑡 via a table supplied in [77]. The first coefficient 
(named here 𝑟𝑜𝑡ℎ𝑒𝑟), is the correlation coefficient for the ratings given to samples from the “other” 
class by the two classifiers. The second coefficient (named here  𝑟𝑚𝑖𝑛𝑒 ), is the correlation 
coefficient for the ratings given to samples from the “mine” class by the two classifiers. Each of 
them is calculated using the Pearson product-moment [77]. 
The result from equation (6-9) can be used to test the null hypothesis that the AUC of both 
classifiers are equal: 
𝐻0:   𝐴𝑈𝐶𝑏𝑎𝑔 − 𝐴𝑈𝐶𝑖𝑛𝑡 = 0 
𝐻1:  𝐴𝑈𝐶𝑏𝑎𝑔 − 𝐴𝑖𝑛𝑡 > 0 







An α level test rejects 𝐻0  when 𝑧  exceeds 1,645, the 1 − 𝛼 quantile of the standard normal 
distribution. 
6. Pattern recognition system for landmine detection 117 
 
6.5.1 Sample size 
Sample size calculations becomes difficult because of the unknown correlation coefficient 
between the 𝐴𝑈𝐶 . In [78] the author proposes to compute a bound of the sample size that 
guarantees a confidence interval 100(1 – α)% of length 𝐿, assuming equal cluster correlations 






(𝐴𝑈𝐶𝑏𝑎𝑔) ∗ (𝐴𝑏𝑎𝑔 + 𝐴𝑖𝑛𝑡 − 2𝑟√𝐴𝑏𝑎𝑔𝐴𝑖𝑛𝑡) 
 
(6-11) 
where 𝑧1−𝛼 = 1,645 and 𝐴𝑏𝑎𝑔, 𝐴𝑖𝑛𝑡 are given by equation (6-12). 
𝐴𝑏𝑎𝑔 = 𝐴𝑈𝐶𝑏𝑎𝑔 ∗ (1 − 𝐴𝑈𝐶𝑏𝑎𝑔)         𝐴𝑖𝑛𝑡 = 𝐴𝑈𝐶𝑖𝑛𝑡 ∗ (1 − 𝐴𝑈𝐶𝑖𝑛𝑡)  (6-12) 
Using the 𝐴𝑈𝐶 for the training set of the classical solution (0,88), and the smallest 𝐴𝑈𝐶 for the 
ensemble of decision trees during cross-validation (0,97), and a confidence level of 0,05 on their 
difference to lie on an interval of length 𝐿 =  0,15, as well as 𝑟 =  0,1 (this is somehow a 
conservative assumption since from the training set, 𝑟 =  0,4,  and smaller values of 𝑟  give 
higher sample sizes); equation (6-11) gives 𝑛𝑚𝑎𝑥 = 59,5  samples from each class. L was 
selected as 0,15 as it is suggested in [78], arguing that the most conservative approaches usually 
lead to “unachievable” sample sizes. For example, by making 𝐿 = 0,1, 180 samples are needed 
from each class. 
6.5.2 Results of the comparison 
Figure 6-6 shows the ROC curves of both classifiers together. The difference between the two 
𝐴𝑈𝐶 and the result of the hypothesis test given by the software MedCalc, are shown in Table 
6-4. As 𝑧 is greater than 1,645, the null hypothesis is rejected, concluding that the evidence 
support the belief that the difference between the two 𝐴𝑈𝐶 is not zero, and thus, that the area 
under the ROC curve of the proposed ensemble of decision trees is greater than the area under 
the ROC curve of the classical solution. As the significance level 𝑃 is less than 0,05 (the 𝛼 level), 
the test is statistically significant, and the hypothesis 𝐻0 can be rejected to a significance level 
of 0,0031.  
Figure 6-6: In the same plot, the ROC curves of the ensemble of decision trees, and the classical 
solution based in the sum of spectrum intensities between 422,5 and 423,8 kHz, obtained with 
the whole dataset (122 observations).  
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Table 6-4. Results of the statistical analysis for the difference of the areas under the ROC curves 
of the ensemble of decision trees and the solution based on the sum of spectrum intensities. 
𝐴𝑈𝐶𝑏𝑎𝑔𝑔𝑖𝑛𝑔 − 𝐴𝑈𝐶𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  0,0827 
Standard Error 0,0301 
95 % confidence interval 0,0236 – 0,142 
z statistic  2,742 
Significance level 𝑃 = 0,0031 
6.6 Threshold selection 
In previous sections, the ensemble of decision trees was evaluated by its ROC curve, but not 
particular threshold was selected to completely define the classifier. A common approach to 
choose the threshold is to employ the Youden index 𝑌, which is the maximum vertical distance 
between the ROC curve and the diagonal line, and the threshold will be the one giving that point 
on the curve. The main aim of Youden index is to maximize the difference between rate of true 
positives and the rate of false alarms. 
This index and the corresponding threshold are computed by the software MedCalc, indicating 
a 95% confidence interval for the metrics (by bootstrap [79], with 1.000 iterations). The software 
also computes the probability of detection and false alarm rate for the given threshold. The results 
are presented on Table 6-5. 
Table 6-5. Youden index and related threshold for the ensemble of decision trees. 
Youden index 𝑌 0,9672 
95 % confidence interval for 𝑌 0,9003 – 1  
Threshold 𝑈 0,333 
95 % confidence interval for 𝑈 0,286 – 0, 333 
Probability of detection  98,39 % 
False alarm rate 1,67 % 
Youden index is a commonly used criterion because it reflects the purpose of maximizing the 
correct classification rate. However, the threshold value corresponding with the Youden index is 
the optimal criterion value only when equal weight is given to sensitivity and specificity, and 
costs of various decisions are ignored.  
In landmine detection, mostly if it is made by hand, the cost of missing a target is higher than the 
cost of having a false alarm. In that sense, and considering the ROC curve of the ensemble of 
decision trees, the selected threshold is the one that gives 100 % of probability of detection with 
the lowest false alarm rate (3,33 %). This threshold is 0,286, which is also the lower limit of the 
95 % confidence interval of the threshold with the Youden criteria. 
6.7 Chapter conclusion 
On this chapter, some features were proposed to describe NQR signals from AN and to train a 
classifier, considering landmine detection as a binary classification task. Various classifiers were 
trained and tested with the proposed features and the one giving the best performance in terms 
of the area under the ROC curve was an ensemble of decision trees. The performance of the 
ensemble of decision trees was tested and compared to the solution consisting on the sum of 
spectrum intensities in the range from 422,5 to 423,8. Results indicated (with significant 
statistical evidence) that the proposed classifier can discriminate samples having NQR signal 
from AN and that its performance is better than the solution based only on the spectrum intensity. 
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7. Test of the NQR system  
To make a final test of the system and of the proposed classifier, the articles which performed 
realistic landmine detection experiments were considered. Usually, in those articles, some targets 
are buried in a small area at places unknown by the person who uses the equipment. The alarms 
given by the equipment are recorded and, after comparison with real target positions, the 
percentage of detected targets and number of false alarms are computed. 
In this case, five targets filled with pure ammonium nitrate were shallowly buried in an area of 
1,9 m in length by 1,52 m wide (2,9 m2). This was done in a farm located in Santa Helena, a 
municipality of Antioquia, on August 14 and 15 of 2016. First, a rectangular area was surrounded 
with a strip and a third person shallowly buried (0 cm depth) the targets inside the fenced area; 
then, he covered the area with a plastic tarp to hide any soil disturbance. The area was overlaid 
with a rectangular grid containing 80 cells, each one of 19×19 cm. The grid was needed to scan 
the area completely and in a regular manner, and to help with the construction of an “alarm map” 
in post processing. The characteristics of the buried targets are summarized in Table 7-1. 
Table 7-1. Information of each of the targets placed on the test area. 






Amount of AN 300 g 55 g   214 g   170 g 200 g 
Diameter 9,5 cm 4,5 cm   7 cm   6,4 cm 9,5 cm 
Height 7 cm 5 cm   9 cm   8,5 cm 4,5 cm 
Casing material Plastic Plastic Glass Plastic Plastic 
As a reference, Table 7-2 shows the number of mines and size of the areas found on the articles 
that reported this kind of experiments. It shows that the number of targets and size of the areas 
were not very large. 
Table 7-2. Number of targets and test areas found on references about landmine detection. 
Ref Number of mines  Area dimensions 
[80]* 2 3 × 3 m (9 m2) 




3 m × 3 m (9 m2) 
4,4 m × 1,12 m (4,9 m2) 
* This is a work of landmine detection by GPR, not by NQR 
By varying the size of the targets, signal intensities will vary in proportion to the amount of AN 
inside of them, therefore, it was considered that target size was enough to affect system 
sensitivity and the depth of the targets was not varied. All the targets on the experiment were 
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also used in the training of the classifier, except one (mine M5). Also, one target used on the 
training of the classifier was not included here. Because of that, it is known that the system has 
sensitivity for detecting the emplaced targets. 
Figure 7-1 shows a picture of the test area (right) and a diagram (left) with the nomenclature used 
to identify each of the cells. Each of the 8 columns were named with a letter (from A to H), and 
each of the 10 rows were named with a number. Each cell is referred by the corresponding 
column’s letter and row’s number of its position. 
Figure 7-1: To the left, the nomenclature used to identify each cell on the test area. To the right, 
a picture of the test area while being scanned. 











As the sensitivity outside the coil’s boundaries is very low, a target must lie (at least in good 
proportion) bellow the coil area to be detected. Also, the central part of the coil that lies between 
the two halves has lower sensitivity, and therefore, care should be taken to ensure that the higher 
sensitivity sides of the coil will cover the interrogated area.  
To have a high coverage of the test area, as the coil is not rectangular, the sequence illustrated 
on Figure 7-2 was followed for each of the 80 cells. Figure 7-2 shows the Cells A1 and B1 when 
cell A1 is being scanned. First, left side of the coil is “aligned” with left of the cell under scan 
(the coil was laid over the soil surface), and then, with the right. The two data are stored in 
separated files, named as A1-1 and A1-2, as shown in Figure 7-2 (the time was also included on 
the name of the file).  As two data is taken from each cell, a total of 160 measurements were 
registered. Each time the recorded data had to be extracted from the flash memory of the device 
and stored in a laptop PC. However, the laptop should be kept away to avoid noise coming from 
the PC to affect the NQR probe, also the PC should be kept close to an electric plug as the 
experiment took more time than the autonomy of its battery. Thus, summing the time of scanning 
a cell, moving the NQR system to the laptop location for extracting the data, extracting the data 
from the device and saving it, returning the device again to the scanning area and moving the 
coil to the new position to start all over again; it took about 3,5 minutes (minimum) to take each 
measurement. Although 3,5 minutes multiplied by 160 measurements sum up 9 hours and 20 
minutes, it took much more time to complete the experiment. 
Figure 7-3 shows the sequence of the coil positions over the cell A1 and the “covered area”, 
considering only the true area under the coil. Figure 7-4 shows the sequence of coil positions for 
the cell B1. Sequence for B1 is longer because, while the cell on column A is being scanned, cell 
in column B is reached by the right half of the coil. The sequence shown in Figure 7-4 applies 
for all the cells in columns from B to H. The fact that the cells on column A have lower coverage 
is a mistake of which there was no awareness when designing the experiment. 
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Figure 7-2: The cells A1 and B1 are shown while cell A1 is being scanned. The nomenclature 






data A1-1 data A1-2 
Figure 7-3: Cell A1 while being scanned by the coil. Areas under the coil lying inside the cell 
are shown on gray. To the right, the total area covered within the cell. 
  
  scan A1-1            scan A1-2         covered area in A 
Figure 7-4: Cell B1 while cells A1 and B1 are being scanned. Areas under the coil lying inside 
B1 are shown on gray. To the right, the total area covered within the cell. 
  
scan A1-1             scan A1-2              scan B1-1            scan B1-2   covered area in B 
Because of the time taken to complete the experiment, the data were not processed after each 
measurement. At the end of the experiment, the spectrums of the acquisitions were reviewed in 
LabVIEW, and four measurements having a very high spectrum peak were repeated a second 
time. On three of those cases the peak disappeared and that second measurement was recorded 
for comparison. The second sequence employed to re-scan those places was not a phase-
alternated pulse sequence, but a SSFP sequence. Thus, it was probable that the intensity peaks 
seen on the first measurement but not on the second one were false alarms caused by RFI. The 
fourth case could have come from a landmine or from piezoelectric ringing; but more probably 
from the second as the peak was very high.  
While conducting the experiment, the temperature on a nearby location was registered, at a depth 
of 5 cm (because of the shape of the probe, it is likely that the registered temperature was an 
average from 0 to 5 cm depth). The temperature record is shown in Figure 7-5, as well as the 
time were the experiment was started, paused and re-started. Figure 7-5 does not show the 
temperature for the last part of the experiment that was conducted next day, because the sensor 
was taken away of the land as it got wet by the rain. However, the temperature was recorded 
periodically during the execution of the last part (from 9:00 a.m. to 1:30 p.m. of next day).   
Before conducting the experiment, the noise spectrum of the coil was checked to compensate for 
soil magnetic susceptibility and to check loses on the 𝑄 factor caused by soil conductivity. The 
capacitance of the coil had to be reduced to move the spectrum frequency about 3 kHz, indicating 
the presence of iron oxides on the soil (it was also suspected from the color of the soil), and the 
measured 𝑄 factor was 74, showing a small reduction (from 78) due to soil conductivity. 
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The experiment was interrupted after scanning cell C9, to rest until next day when it was 
continued. However, next day was raining, and soil conductivity increased, lowering the 𝑄 factor 
of the coil to 67. Also, as the plastic used to cover the area get wet, the position of some of the 
targets were clearly visible, and thus, this cannot be called a “blind experiment”, although that 
was the intention.  
Figure 7-5: Underground temperature in the vicinity of the test area. Points are marked where 
the experiment started or were paused.   
 
7.1 Map of detections 
After completing the experiment, each data file was processed with the trained classifier, using 
the threshold defined in previous chapter (𝑢 =  0,286). By the position of the coil on the soil, 
the map of possible locations of the targets were constructed, considering that an alarm can come 
from any of the two halves of the coil. The constructed map is shown in Figure 7-6. Shadows in 
grey correspond to three of the measurements that were repeated a second time. On those cases, 
both signals were passed to the classifier algorithm and it gave an alarm for the first acquired 
data but not for the second one.  
Figure 7-6: Areas covered by the coil corresponding to the data that the classifier indexed as 
belonging to the “mine” group. Areas in grey correspond to three measurements that were 
repeated on the field for showing very high intensity peaks, and that were discarded by the 
classifier from the second measurement.  
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It is known that some of the alarms given by the system should come from the same target. 
However, it was not possible to know which ones could be grouped in a single detection until 
verifying the true position of the mines.  
7.2 Defining the rate of detections and false alarms 
Figure 7-7 shows the true position of the targets. From comparison with Figure 7-6, target M2 
was not detected and looks like there were 2 false alarms (or five, if those measured twice are 
summed up).  
Figure 7-7: Diagram (left) and picture (right) showing the true position of the targets.  
















    
To make a more precise estimation of the detected targets and of the number of false alarms, 
diagrams on Figure 7-8 were constructed, showing the sequence of coil positions on the cells 
having the targets. The name of the file for each coil position is also shown in the figure. The 
file names highlighted in red color were assigned to the “mine” class, as on those cases the coil 
surface was over the target (or over a great part of it). The rest of the measurements were assigned 
to the “other” class. Those file names marked with asterisk were considered suspicious as higher 
portion of the target was not laying under the coil surface. 
From the above, a ROC curve was constructed, having 160 data samples, 14 from the “mine” 
class, and 146 from the “other” class. The resulting curve is shown in Figure 7-9. The marked 
point corresponds to the selected threshold (2,86). The result corroborated that the target M2, 
located in the position H8 was undetected. Also, there was one more false alarm that was not 
evident from Figure 7-6. The file D5-2, as shown in Figure 7-8, do not correspond to the case 
where the coil was laying over the target. From previous experiments, it is considered very 
unlikely that AN will produce a detectable signal in that condition. Also, although the suspected 
files (marked with asterisk in Figure 7-8) were classified by the system on the “mine” class, there 
is still a doubt about considering the detection as a hit or as a false alarm. The ROC curve in 
Figure 7-6 was made without considering the three repeated measurements that were discarded 
by the classifier from the second data.  
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Figure 7-8: The cells having a target are shown while the coil is passing through. The gray areas 
correspond to the areas under the coil that are inside the cell, and the black areas correspond to 
the targets. The name of the scan is also displayed on the top. 
mine: M5 
position: B2 
















A10-1 A10-2* B10-1 B10-2 
 
 
Figure 7-9: ROC curve of the ensemble of decision trees for the 160 data files. The marked point 
corresponds to the previously selected threshold (0,286). 
 











FAR = 4,1 %
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7.3 Chapter conclusion 
An experiment was performed placing five targets with AN on an area of 1,9 × 1,52 m. The area 
was divided on cells and scanned, having a total of 160 data samples (two from each cell). Results 
showed that four of the five targets were detected and there were three false alarms. The 
undetected target was the smaller one, having 55 g of AN. The reason for missing the target that 
was already detected in previous experiments used for training the proposed classifier could be 
the soil conductivity or an error in estimating the temperature of the target. From a constructed 
ROC curve, considering the 160 data samples, a probability of detection of 85,7 % was achieved 
with 4,1 % of false alarms. 
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8. Conclusions and recommendations 
8.1 Conclusions 
A NQR device was constructed, capable of detecting AN remotely. The system can send pulses 
at the resonance frequency of AN, and can record the NQR signals coming from AN samples. It 
also has a 𝑄 switching system that allows to lower the 𝑄 factor of the coil after pulsing, and 
increase it again for signal acquisition. However, the 𝑄 -switching function has limited 
functionality with high inductance coils. The signal processing of the system was limited to 
averaging the acquired signals after each pulse and to apply FFT to the acquired signal for 
conversion to the frequency domain. Although this was a limitation that obligated the need of a 
PC for further analysis of the data, this limitation can be overcome.  
A NQR probe was designed and tuned to the resonance frequency of AN, and in conjunction 
with the NQR device, it was capable of remote excitation of AN and of picking up the NQR 
signal generated after the excitation. It is also capable of filtering far field RFI as it is a first order 
gradiometer coil. The sensitivity of the coil is higher at the center of each half of its two 
symmetric sides, and it works fine with the 𝑄 switching circuit of the constructed device.  
The parameters of a SSFP pulse sequence were adjusted experimentally for the landmine 
detection task. A pulse width of 200 𝜇s was selected for detecting targets from 0 to 3 cm, that is 
the sensitivity range of the system for 200 g of AN. The selected time between pulses was 2,2 
ms, considering limitations of the device in terms of dead time after pulsing. Also, the number 
of the pulses of the sequence was selected, as with more than 15.000 repetitions, SNR is lowered. 
When using the pulse sequence with the NQR device, it was possible to detect 200 g of AN 
remotely up to 3 cm distance from the coil, after 6,6 seconds (duration of the sequence). It is 
known that a second repetition of the sequence could improve the SNR, but because of the long 
longitudinal relaxation time of AN, that would imply to wait for a long time (about 40 seconds 
or more) before starting the second sequences, which is not ideal for landmine detection. 
Soil conductivity is a main detrimental factor for NQR signal intensity. Main source of soil 
conductivity is soil moisture, which varies with atmospheric conditions. Although it was shown 
that by separating the coil from soil surface the effect of conductivity could be alleviated, the 
best practice is to keep the coil as close as possible to the soil surface. Raining days and wet soils 
should be avoided, it possible. Shape of landmine enclosure also affects NQR signal intensity 
(worst case being long-narrow landmines), however, landmine shape is unknown beforehand. 
Magnetic susceptibility of soil is not as detrimental as soil conductivity, as it just lowers the 
probe resonance frequency, which could be tuned again by lowering the probe capacitance. The 
target temperature should be estimated with ±2  °C of precision, to avoid losses in signal 
intensity when using the SSFP pulse sequence. 
A set of spectral descriptors were selected to train a classifier for detecting NQR signals from 
AN. The descriptors encoded information of the expected frequency domain signal and were 
intended to help the system to decide about the presence of AN, mostly when the NQR signal is 
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not very high and RFI can cause false alarms. After testing some proposed classifiers using the 
descriptors, the ensemble of decision trees had better performance, with a probability of detection 
of about 98% and false alarm rate of about 2,33 %. A hypothesis test showed with significate 
evidence that the trained classifier could detect NQR signals from AN. Also, after comparing the 
performance of the classifier, in terms of the area under the ROC curve, with the classical 
approach consisting on comparing the spectrum of the signal with a predefined threshold, it was 
shown that the ensemble of decision trees outperformed the classical solution. However, the 
classical approach also showed good performance when detecting AN signals, and it is probable 
that, in cases where the NQR signal is not low, it would give as good performance as the proposed 
classifier. 
A final more realistic experiment where five AN targets were hidden in a small area, at 0 cm 
depth from the surface, showed that the system could detect four of the five targets, missing the 
smaller one, and having six false alarms. Three of the six false alarms were discarded after 
repeating the measurement a second time, indicating that they proceed from a non-steady source 
of RFI. The reason for missing the target that was already detected in previous experiments used 
for training the proposed classifier could be the soil conductivity or an error in estimating the 
temperature of the target; factors that are detrimental for NQR signal detection, and that probably 
were devastating for the smallest mine. From a constructed ROC curve, considering the 160 data 
samples of the experiment, a probability of detection of 85,7 % was achieved with 4,1 % of false 
alarms. 
Although results showed that the NQR technology has good potential for detecting landmines in 
Antioquia, the constructed system is not ready for real landmine detection tasks. Since it has a 
range of 3 cm (for 200 g of AN), it would hardly detect most of the mines on the field. Even for 
the shallower mines, vegetation, or the landmine activation mechanism will add a separation 
between the coil and the target, and ammonium nitrate will tend to seat on the bottom of the mine, 
leaving some space between top of the mine and the explosive. Even more, some of the recipients 
used by the armed groups have a large bottle neck that would make the detection very hard (if 
not impossible) for the developed system. However, there are still some improvements that can 
be made to increase the system sensitivity, which could lead to a more functional landmine 
detection system. 
8.2 Recommendations 
The sensitivity of the system is a parameter that needs more improvement. To account for this, 
a high 𝑄 coil, like the coil “E” from Figure 3-25, could be made, although, employing a more 
precise manufacture technique to guarantee its balance for filtering RFI. Also, a new 𝑄-switching 
design is needed for lowering the 𝑄 factor of a high inductance coil after pulsing and to lower 
the dead time of the system after pulsing. This will allow to reduce the time between the pulses 
on the SSFP sequence, increasing the SNR and reducing the intensity variations where the 
detection is off resonance (due to errors in temperature estimation). When designing both 
solutions, the cost is a factor that plays an important role, as the Army states that the government 
is very unlikely to spend on expensive technologies for this kind of tasks.  
It is recommended to periodically assess soil properties via their resistive loading effect on the 
NQR probe. This could be easily determined by measuring coil 𝑄 factor at proximity to the soil 
surface. This also allows to check the resonance frequency of the probe, which should be tuned 
back to the target resonance frequency by lowering capacitance if needed, and in case of 
decreased 𝑄 factor, caused by high conductivity of soil, the threshold for landmine detection 
could be lowered. 
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It was corroborated that false alarms, coming from RFI or piezoelectric ringing, can produce 
high intensity peaks at the frequency of ammonium nitrate, or at a neighbor frequency but with 
a spectral shape that could hide a NQR signal coming from a target. It is recommended to use an 
algorithm that first checks for the presence of strong signals around the AN resonance frequency, 
to indicate the need for a second measurement. A second measurement, using phase alternated 
pulse sequences, may solve many of this alarms, before presenting the observation to the 
classifier.  
The equipment was made with the goal of a hand-held detection system, considering the way the 
problem was stated by the Army (which motivated this work). However, this is a kind of task 
that no person should carry out. The design of an autonomous or remote controlled system 
integrating the NQR technology, will avoid putting lives at risk during a demining task.  
It is recommended to combine the NQR technology with a GPR. GPR is a mature technology 
for detecting nonmetallic mines that suffers from false alarms, thus, adding the high specificity 
of NQR technology, many false alarms from GPR can be solved. Also, GPR can give some 
estimation of a target depth and size, which could help to predict the NQR signal magnitude from 
the target, improving the performance of a classifier trained with features from both systems. 
Also, GPR could miss small-shallow targets, as they are concealed by the high reflection on the 
soil surface, and AN has more sensitivity to shallow targets. 
Although AN is the main rough material for manufacturing landmines in Colombia, other 
explosives could also be found. A system that searches for more than one substance is achievable, 
as it was done in the literature for detection of both TNT and RDX. This is recommended as it is 
not possible to state with high confidence that an unknown target will have AN instead of other 
substances. Also, as the system was designed for detecting AN in phase IV, the phase transition 
that occurs at 32 °C prevent the use of the system on some affected areas. This problem can be 
overcome by developing a system that works at two frequencies, where the frequency could be 
selected considering the temperature. This development will require the research of the AN 
parameters on phase V (relaxation times and frequency dependence on temperature). 
It is recommended to perform the landmine detection task around 6 am or 6 pm, avoiding the 
time around noon, where temperature differences between bottom and top of the mine are 
expected to be higher. To deal with intensity variations, soil temperature must be periodically 
checked in a near location and the pulse frequency must be adjusted accordingly. 
The lack of geophysical data of mine-affected areas is reported as a problem on many works 
about detection of landmines. A construction of a geophysical data base that includes relevant 
information for landmine detection sensors will be very useful.   
It is remarkedly stated on the literature that the NQR system can be used as a confirmation system 
because its SNR increases with time, after averaging many signals. This alternative would be 
better than prodding the land with a stick, however, it is only effective if one is confirming an 
alarm that came from the same system, i.e., if there is a high confidence in that one is dealing 
with a target that has AN. The NQR system will not work for confirming alarms given by other 
sensor (e.g., a GPR), as in Antioquia, other explosive mixtures without AN might be present. 
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